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FOREWORD 
This r e p o r t  w a s  p repared  by Elec t ro-Opt ica l  Systems, I n c . ,  under 
Cont rac t  NAS12-130. 
The pe r iod  covered by t h e  r epor t  i s  from 1 June 1966 t o  31 May 1967. 
Work was performed i n  t h e  Applied Research Department of t h e  O p t i c a l  
E l e c t r o n i c  Systems Div i s ion  by D r .  J.  Boyden, L. Carrier, D r .  G .  C l a r k ,  
E. Harris,  M. Katzman and C.  D. Wilson. The c o n t r i b u t i o n s  of H. Bohling, 
F. Brion,  and T. Watson a r e  herewith acknowledged. 
The EOS r e p o r t  des igna t ion  i s  7097-Final.  
r e p o r t e d  h e r e i n  are pre l iminary .  
becomes a v a i l a b l e ,  these  w i l l  b e  r epor t ed  i n  l a t e r  r e p o r t s  and papers .  
The exper imenta l  r e s u l t s  
Work i s  con t inu ing  and as more d a t a  
The NASA/ERC P r o j e c t  Monitor w a s  D r .  P h i l i p  Hanst. 
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A summary of the current state of theoretical understanding of the 
interaction of optical radiation with the atmosphere is presented 
along with an extensive bibliography. Particular attention is given 
to scattering and attenuation due to particulate matter contained in 
the atmosphere, and also to amplitude and phase fluctuations induced 
by atmospheric turbulence. 
An assembly of equipment to measure meteorological parameters, along 
with optical transmission parameters of the atmosphere, and with some 
preliminary measurements are presented. This included an optical 
link over a 5 km path in the lower atmosphere and having each end of 
the link instrumented for the collection of meteorlogical data. 
Actual data collection, correlation of  meteorological data with optical 
propagation data and comparison with theory remains yet to be done. 
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SECTION 1 
INTRODUCTION 
Recent ly  acquired close-up photographs of t h e  s u r f a c e  of t h e  moon 
c l e a r l y  demonstrate ,  once a g a i n ,  t h e  tremendous s i g n i f i c a n c e  of  photo- 
o p t i c a l  and e l e c t r o - o p t i c a l  techniques f o r  g a t h e r i n g ,  p rocess ing ,  and 
t r a n s f e r r i n g  l a r g e  q u a n t i t i e s  of d a t a  wi th  meaningful s c i e n t i f i c  and 
eng inee r ing  impact. Graphical  communications w i l l  a s su red ly  p l a y  an  
e v e r  i n c r e a s i n g  r o l e  i n  f u t u r e  space exp lo ra t ion .  Furthermore,  o p t i -  
c a l  communications systems p r o m i s e  t o  c a r r y  a major p o r t i o n  of the  
in fo rma t ion  load. For example, a 20 cm x 20 cm photograph of Mars o r  
Venus con ta in ing  10 b i t s  of information has  a t r ansmiss ion  t i m e  re- 
quirement of about 1 day f o r  a n  RF system, assuming a s t a t e - o f - t h e - a r t  
d a t a  r a t e  of  1000 b i t s / s e c o n d ;  whereas t h e  on-time requirement f o r  a 
laser system i s  about 10 seconds,  assuming a d a t a  r a t e  of l o 7  b i t s /  
second (Ref. 1). The p o t e n t i a l  of t h e  laser f o r  deep-space communica- 
t i o n s  seems i m p l i c i t l y  c l e a r .  
8 
However, it is  w e l l  known t h a t  the  channel c a p a c i t y  of any communica- 
t i o n s  system depends not  only upon t h e  a l lowab le  bandwidth of  t h e  sys -  
t e m ,  bu t  a l s o  upon t h e  s i g n a l  power a t  t h e  r e c e i v e r  as w e l l  as t h e  
r e c e i v e r  e f f e c t i v e - n o i s e  power. It i s  a l s o  known t h a t  e l ec t romagne t i c  
waves can become s e v e r e l y  a t t e n u a t e d ,  r e f l e c t e d ,  d e f l e c t e d ,  and d i s -  
t o r t e d  du r ing  propagat ion through t h e  atmosphere,  such t h a t  h igh  d a t a  
ra tes  o r  system s i m p l i c i t y  must be compromised f o r  lower e r r o r  rates.  
Atmospheric degradat ion of o p t i c a l  s i g n a l s  can be e s p e c i a l l y  s e v e r e ,  
and t h e  u l t i m a t e  u s e f u l n e s s  o f  laser comunica t ions  depends upon t h e  
o p t i c a l  t r ansmiss ion  and t h e  noise g e n e r a t i n g  p rocesses  of  t h e  atmos- 
phere.  
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Several researchers have investigated the problem of atmospheric 
limitations to the propagation of atelliar, laser, and nonlaser light. 
Appendix A contains a bibliography of much of this work, with particu- 
lar emphasis on the latest laser propagstion investigations. Models, 
theories, and functional relationships have been developed in order to 
describe or predict the magnitude of the effects of the atmosphere on 
optical beam properties, based upon certain simplifying assumptions 
and upon limited experimental data. There presently exist limited 
experimental data with which to verify existing theories, to apply 
existing data to dissimilar atmospheric conditions, or to reliably 
optimize system designs o r  techniques. 
The objective of this study is to more fully investigate the effects 
of the atmosphere on transmitted laser beams and to identify the limi- 
tations that these atmospheric effects will impose on the design and 
capabilities of future optical communications systems. The two laser 
beam characteristics of particular interest are the intensity and de- 
gree of coherence subsequent to propagation through the atmosphere. 
Section 2 contains a brief discussion of the physical properties of 
the atmosphere and the related deterministic and stochastic optical 
properties, based upon meteorological and environmental conditions. 
The randomness of the atmosphere results in signal intensity and co- 
herence degradation and in a noisy communication channel. The pre- 
dicted significance of these degradations is also discussed. 
Experiments, apparatus, and facilities, described in Section 3 ,  were 
designed and developed during the present investigation to measure the 
laser beam degradation and to relate these effects to the meteorologi- 
cal conditions along the optical path. 
7097-Final 2 
A He-Ne laser and a CO laser were transmitted simultaneously over a 
six-mile round-trip optical path and were subsequently detected and 
reccrded.  Experimental results, discussed in Section 4 ,  do not allow 
an adequate comparison between data and theory. 
2 
7097-Final 3 

SECTION 2 
OPTICAL PROPAGATION THROUGH THE ATMOSPHERE 
Very few por t ions  of t h e  e a r t h  remain unobscured from hazes and clouds 
f o r  extended pe r iods  of t i m e  so t h a t  o p t i c a l  communications over  ce r -  
t a i n  pa ths  through t h e  e a r t h ' s  atmosphere can become marginal  o r  even 
imprac t i ca l .  Furthermore,  even some "c l ea r  a i r "  atmospheric cond i t ions  
are not  p a r t i c u l a r l y  conducive t o  r e l i a b l e  and e f f i c i e n t  o p t i c a l  com- 
municat ions,  owing t o  "poor seeing' '  cond i t ions .  These f a c t o r s  are 
w e l l  known, i n  gene ra l ;  however, t h e  o p t i c a l  p r o p e r t i e s  of major c louds 
and t h e  r e l a t i o n s h i p  between "poor see ing"  and meteoro logica l  condi- 
t i o n s  have not  been amply t r e a t e d  i n  t h e  l i t e r a t u r e .  I n  t h i s  s e c t i o n ,  
w e  s h a l l  p re sen t  r e s u l t s  o f  a t h e o r e t i c a l  a n a l y s i s  of  t h e  o p t i c a l  
p r o p e r t i e s  of t h e  major c louds ,  and s h a l l  d e s c r i b e  how t h e  o p t i c a l  
p r o p e r t i e s  of t h e  random atmosphere depend upon t h e  phys ica l  proper-  
t i e s  of t h e  atmosphere. 
2 . 1  OPTICAL ATTENUATION BY HAZES AND MAJOR CLOUDS 
The percentage f requencies  of c loud cover (6/10 t o  10/10) over  t h e  
no r the rn  hemisphere a r e  shown i n  Figs .  1 through 9 f o r  va r ious  cloud 
types  , incremental  a l t i t u d e s  , and seasons (Ref. 2 ) .  The p r o b a b i l i t y  
of having a c l e a r  l i n e  of s i g h t  through t h e  clouds depends upon t h e  
r e l a t i v e  dimensions of  t h e  cloud s t r u c t u r e  i n  t h e  v e r t i c a l  and h o r i -  
z o n t a l  d i r e c t i o n s .  Kauth and Penqui te  (Ref. 3) and Lund (Ref. 4 )  de- 
s c r i b e  methods f o r  determining t h e  p r o b a b i l i t y  func t ions ;  t h e s e  are 
no t  d i scussed  he re .  However, from common exper ience ,  w e  know t h a t  
t h e r e  i s  a reasonably h igh  p r o b a b i l i t y  t h a t  a cloud w i l l  i n t e r c e p t  and 
p a r t i a l l y  o b s t r u c t  an o p t i c a l  beam i n  t r a n s i t  through t h e  atmosphere,  
depending more o r  less on t h e  communication t e rmina l  l o c a t i o n s .  The 
main ques t ion  then  i s :  
o b s t r u c t  ions  ? 'I 
'What a r e  t h e  a t t e n u a t i n g  p r o p e r t i e s  of t h e s e  
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Figure 8.  Percentage Frequency of 6/10 to 10/10 Cloud Cover a t  Altitudes 
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The o p t i c a l  p r o p e r t i e s  of hazes and clouds can be computed u s i n g  t h e  
exac t  M i e  theory of e lectromagnet ic  wave s c a t t e r i n g  p rov id ing  t h e  s i z e ,  
number, and d i s t r i b u t i o n  and the index of r e f r a c t i o n  of t h e  s c a t t e r e r s  
are known. 
Hu l s t  (Ref. 5 ) .  Typical  s i z e  d i s t r i b u t i o n s  of hazes and cumulus clouds 
are desc r ibed  by Deirmendjian (Ref. 6 )  and t h e i r  a t t e n u a t i n g  e f f e c t s  
on v i s i b l e  and i n f r a r e d  r a d i a t i o n  are c a l c u l a t e d .  F igu re  10 shows t h e  
s i z e  d i s t r i b u t i o n s  of both c o n t i n e n t a l  and m a r i t i m e  hazes  and of a 
cumulus cloud wi th  a t o t a l  concen t r a t ion  of 100 cm . Table I sum- 
marizes  t h e  s p e c t r a l  a t t e n u a t i o n  p r o p e r t i e s  of t h e s e  d i s t r i b u t i o n s ;  i t  
i s  noted t h a t  f o r  t h e  case  of s c a t t e r i n g  by hazes ,  o r  s m a l l  p a r t i c l e s ,  
i n f r a r e d  r a d i a t i o n  su rpasses  v i s i b l e  l i g h t  f o r  t r ansmiss ion  through 
t h e  haze. On t h e  o t h e r  hand, c louds are comprised of l a r g e r  d r o p l e t s ,  
and i t  i s  noted t h a t  t h e i r  r e l a t e d  o p t i c a l  e x t i n c t i o n  p r o p e r t i e s  are 
r e l a t i v e l y  i n s e n s i t i v e  t o  wavelength. 
The M i e  theory i s  d i scussed  l u c i d l y  and amply by van de  
- 3  
The cloud p a r t i c l e - s i z e  d i s t r i b u t i o n  of Fig.  10 i s  not an all-encompassing 
cloud model; hence,  t h e  values  of o p t i c a l  a t t e n u a t i o n  by clouds i n  Table 
I are not  completely d e s c r i p t i v e  of t h e  o p t i c a l  p r o p e r t i e s  of t h e  atmos- 
phere.  Cato,  Carrier, and von Essen (Ref. 2) conducted an e x t e n s i v e  
survey of t h e  l i t e r a t u r e  i n  order  t o  e s t a b l i s h  r e p r e s e n t a t i v e  cloud 
models f o r  t h e  e i g h t  major clouds (comprised of water d rops ) ;  t h e  con- 
c l u s i o n  of t h e  s tudy is t h a t  the cloud d r o p l e t  s p e c t r a  dep ic t ed  i n  
Fig.  11 r e p r e s e n t  t y p i c a l  cloud models. The o p t i c a l  p r o p e r t i e s  of t h e s e  
cloud models were computed, based upon t h e  Mie t h e o r y ,  and du r ing  t h e  
p r e s e n t  program t h e  computations were extended t o  inc lude  t h e  o p t i c a l  
e f f e c t s  of c louds on 4 and 10 micron r a d i a t i o n ;  t h e  c a l c u l a t i o n s ,  re- 
s u l t s ,  and conclusions of t h i s  a n a l y s i s  are d i scussed  i n  Appendix B ,  a 
paper which has been accepted f o r  p u b l i c a t i o n  i n  t h e  J u l y  i s s u e  of 
Applied Optics .  The o p t i c a l  s c a t t e r i n g  c o e f f i c i e n t s  a s s o c i a t e d  w i t h  
t h e  cloud models are summarized i n  Table 11. It i s  s i g n i f i c a n t  t o  n o t e  
t h a t  o p t i c a l  e x t i n c t i o n ,  due to  t h e  s c a t t e r i n g  p r o c e s s e s ,  shows l i t t l e  
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TABLE I 
ATTENUATION OF OPTICAL RADIATION 
BY KAZES AND CUMULUS CLOUD 
( A f t e r  Dei rmendj ian ,  Ref. 6) 
C o n t i n e n t a l  Haze 
b e x t  (m-'> 
1 .21  10-4 
7.59 10-5 
3.12 10-5 
1.94 10-5 
2.89 10-5 
1.28 
1 . 2 9  10-5 
7.50 x 
5.00 x 
3.20 x 
6.40 x 
8.20 x 
Mar i t ime Haze 
b ex  t (m- 
1 .06 10-4 
1.06 10-4 
6.91 10-5 
4.24 10-5 
6.02 
2.36 10-5 
1 . 1 2  
1.89 10-5 
6.20 x 
4.5 x 10-6 
9.70 x 
1.34 10-5 
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Cumulus Cloud 
b ex t ' 1  (m- 
1.63 x 
1 .67  x 
1.76 x 
1.82 x 
1.86 x 
2.06 x 
2.40 x 
1.99 x 10'2 
1.88 x 
1.12  x 1 c r 2  
1.01 x 10'2 
1.70 x 
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Figure 11. Model Cloud Drop Spec t r a  ( a f t e r  Cato,  Carrier, 
von Essen, Ref. 2) 
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TABLE I1 
OPTICAL SCATTERING COEFFICIENTS OF THE MAJOR CLOUD TYPES 
Wave 1 eng th 
Cloud Type 
N imb o s t r a tus 
Altostratus 
Stratus I1 
cum lus 
C onges tu s 
Stratus I 
Cum 1 onimbus 
Stratocumulus 
Fair -Wx 
Cumulus 
0.48% 
1.28 x 10-I 
1.08 x 10-1 
1.00 x 10-1 
6.92 x 
6.69 x 
4.35 x 10-2 
4.53 x 10-2 
2.10 x 10-2 
0.694 
1.30 x 10-1 
1.09 x 10-1 
1.01 x 10-1 
6.98 x lo-* 
6.79 x 
4.38 x 
4.60 x 
2.13 x 
1.06p 
1.32 x 10-1 
1.12 x 10-1 
1.03 x 10-1 
7.13 x 
6.97 x 
4.44 x 10-2 
4.71 x 
2.19 x 
4.0p 
1.47 x lo-'  
1.30 x lo- '  
1.14 x lo- '  
8.10 x l o m 2  
9.01 x 
4.82 x 
5.96 x 
2.76 x 
10.6p 
1.36 x 1O-I 
8.39 x 
1.04 x 10-I 
6.76 x 
4.28 x 
5.09 x 
2.48 x 
1.17 x 
dependence upon wavelength, in agreement with Deirmendjian's calcula- 
tions; however, optical extinction can be appreciably higher than that 
predicted by Deirmendjian for his cumulus cloud model. 
Another significance of the predicted values of optical scattering 
coefficients for clouds other than that of optical extinction is that 
multiple scattering effects can become appreciable; as a consequence 
an optical signal becomes smeared in time and intensity, with a com- 
mensurate degradation of an optical system's communication efficiency. 
The problem is treated in part by Dell-Imagine (Ref. 7). 
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2.2 
I n  t 
OPTICAL PROPERTIES OF RANDOM ATMOSPHERES AND RELATED EFFECTS ON 
LASER PROPAGATION 
,e previous s e c t i o n  w e  d i scussed  t h e  propagat ion of o p t i c a l  r a d i  .- 
t i o n  through cloudy atmospheres and showed t h a t  t h e  u s e  of long wave- 
l eng th  t r a n s m i t t e r s  o f f e r s  t h e  p o s s i b i l i t y  of improved o p t i c a l  communi- 
c a t i o n s  system performance. I n  t h i s  s e c t i o n  we d i s c u s s  t h e  advantages 
of long wavelengths i n  propagat ing through a random atmosphere. F i r s t ,  
we desc r ibe  t h e  o p t i c a l  p r o p e r t i e s  of a random atmosphere and t h e i r  
dependence upon meteorological  cond i t ions .  Then, w e  d i s c u s s  t h e  e f -  
f e c t s  o f  random atmospheres upon t h e  c h a r a c t e r i s t i c  p r o p e r t i e s  of 
o p t i c a l  beams. 
2 . 2 . 1  DEPENDENCE OF REFRACTIVE INDEX FLUCTUATIONS ON ENVIRONMENTAL 
PARAMETERS 
The r e f r a c t i v e  index of t h e  atmosphere i s  both r e g u l a r  and random, 
denoted by 
(1) 
- n = n + p  
where t h e  b a r  d e s i g n a t e s  t h e  t i m e  average and p i n d i c a t e s  t h e  i n s t a n -  
taneous value of t h e  f l u c t u a t i o n  of t h e  parameter.  The v a l u e  f o r  re- 
f r a c t i v e  index f o r  any medium depends upon both t h e  wavelength of t h e  
propagating wave and t h e  d e n s i t y  of t h e  medium. 
p r e s s i n g  r e f r a c t i v e  index can be found i n  t h e  l i t e r a t u r e .  W e  w i l l  
fo l low Portman (Ref. 8) and Munick (Ref. 9) .  
Various ways of ex- 
For a i r  a t  p r e s s u r e s  on t h e  o rde r  of 1 atmosphere 
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where K i s  a cons t an t  and p i s  d e n s i t y .  
index of r e f r a c t i o n  of a i r  c a n  b e  r e w r i t t e n  i n  t e r m s  of tempera ture ,  
It has been shown t h a t  t h e  
- - -  - - A  ---to- ~ r a n n r  ~ F - P E C ~ ~ ~ P  p ~ ~ s s u r r ,  QIIU W O L L L  v ~ y v -  y..-.,u--- IS 
(p - e)A1 + eeA2 
RT n = 1 +  (3) 
where T = temperature  (OK) 
p = atmospheric pressure.  (mb) 
e = water  vapor p re s su re  (mb) 
c = r a t i o  of molecular weights  of water 
vapor and dry a i r  = 0.622 
R = gas cons t an t  for  dry  a i r  = 2.876 x 10 cm sec  deg 6 2  -2 -1 
A1 = 2.28 
A2 = 3.25 
Equation 3 i s  w r i t t e n  more simply as:  
n = 1 + F - F  B e  
( 4 )  
where 
(=A2 - *1) 
R B =  
It should be noted t h a t  A and B 
= 11 x OK mb-' (A = 5 8 9 4 )  
a r e  wavelength-dependent and t h a t  t h e  
index of  r e f r a c t i o n  i s  more genera l ly  desc r ibed  by 
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B e  
T TA T 
n-1 - 
21 
(5) 
where A '  = 77.6 x loa6 OK mb- I  for ( h  < 20 microns) 
C = 0.584 x lom6 OK p2 mb-l 
6 
Values of refractive modules (i.e. , N = (n - 1) (10 ) )  are given in the 
Handbook of Geophysics (Ref. 10) for wavelengths from 0.2 micron to 20 
microns, for negligible water vapor. 
It is now useful to determine the relative effects and significance of 
temperature, pressure and vapor pressure on the index of refraction of 
air. The meteorological parameters T, p, and e are time varying so 
they can be written: 
(7) 
- 
P = P + A P  
Water vapor pressure is related to relative humidity, f, as 
e f  
100 
S e = -  
where e = saturation vapor pressure at the same temperature so that 
S 
Since the relative fluctuations AT, Ap, and Af are small compared to 
the average values, then, following Munick, Eq. 4 can be rewritten as 
T T  
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F u r t h e r ,  t h e  f l u c t u a t i o n  i n  r e f r a c t i v e  index i s  found by s u b t r a c t i n g  
E q .  10 from Eq.  4 and rearranging:  
o r  i n  t e r m s  of r e l a t i v e  humidity 
F l u c t u a t i o n s  I n  t h e  meteorological  parameters can b e  expressed i n  
terms of s t anda rd  d e v i a t i o n s  (a), and, according t o  Munick, t h e  rela- 
t i v e  changes i n  each of t h e s e  parameters are t y p i c a l l y  
ip < 
P 
oe/e 4 x 
This  l a t t e r  v a r i a t i o n  i s  mul t ip l i ed  by t h e  f a c t o r  Be/AF, and, i n  most 
cases f o r  v i s i b l e  l i g h t ,  t h e  net e f f e c t  of water vapor v a r i a t i o n s  i s  
n e g l i g i b l e .  * 
F l u c t u a t i o n s  i n  r e f r a c t i v e  index, t h e r e f o r e ,  from Eq. 11, can b e  
r e l a t e d  t o  meteorological  measurements of average p r e s s u r e ,  average 
temperature  , and temperature f l u c t u a t i o n s  approximately as 
* 
Carlon (Ref .  11) i n d i c a t e s ,  however, t h a t  f o r  h igh  re la t ive humid i t i e s  
( g r e a t e r  t han  about 70%) and f o r  10-micron r a d i a t i o n ,  water vapor 
v a r i a t i o n s  can become dominant i n  producing f l u c t u a t i o n s  i n  r e f r a c t i v e  
index. 
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From E q .  13 i t  i s  apparent  t h a t  l a r g e  index g r a d i e n t s  are  produced 
during condi t ions  of h igh  p r e s s u r e  ( c l e a r  weather  a t  sea l e v e l )  and 
of low temperatures.  A l s o ,  i t  can be  shown t h a t  a one-degree temper- 
a t u r e  dev ia t ion  produces an index of r e f r a c t i o n  d e v i a t i o n  of about 10 . -6  
The genera t ing  mechanisms of l a r g e  f l u c t u a t i o n s  of r e f r a c t i v e  index i n  
t h e  atmosphere due t o  turbulence  are r e l a t e d  t o  t h e  t i m e  of day and 
season ,  meteorological  c o n d i t i o n s ,  topography, s u r f a c e  c o n d i t i o n s ,  and 
a l t i t u d e .  For a d e t a i l e d  d e s c r i p t i o n  of atmospheric phys i ca l  p rocesses  
and environmental  r e l a t i o n s h i p s  t o  tempera ture ,  p r e s s u r e ,  wind v e l o c i t y ,  
tu rbulence ,  e t c . ,  t h e  r eade r  i s  r e f e r r e d  t o  Su t ton  (Ref. 1 3 ) .  Turbu- 
l e n t  f low i s  gene ra l ly  made manifest  by temperature  and v e l o c i t y  f i e l d s .  
The f i r s t  100 meters of t h e  atmosphere i s  c h a r a c t e r i z e d  by a marked 
d i u r n a l  v a r i a t i o n  of temperature  g r a d i e n t s ,  w i th  v e r t i c a l  g r a d i e n t s  
being orders  of magnitude g r e a t e r  than h o r i z o n t a l  g r a d i e n t s .  The r a t e  
of decrease of  temperature  wi th  a l t i t u d e  is  c a l l e d  t h e  tempera ture  
l a p s e  r a t e ,  r. One of t h e  fundamental c o n s t a n t s  of meteorology is  t h e  
dry a d i a b a t i c  l a p s e  r a t e ,  rd,  which is equal  t o  about -l°C per  100 
meters. I f  t h e  a i r  is inhomogeneously mixed due t o  u n s t a b l e  a i r ,  wind, 
tu rbulence ,  o r  o t h e r  f a c t o r s ,  p a r c e l s  of a i r  a t  one temperature  are 
moved t o  regions a t  another  tempera ture ,  thereby c r e a t i n g  random t e m -  
p e r a t u r e  f l u c t u a t i o n s .  When t h e  p a r c e l s  change h e i g h t ,  Az, t h i s  t e m -  
p e r a t u r e  d i f f e r e n t i a l  of t h e  d i sp laced  a i r  wi th  i t s  surroundings i s  
g iven  by 
= (r - rd) 
AZ 
When t h e  lapse  r a t e  equals  t h e  a d i a b a t i c  l apse  r a t e  i t  i s  apparent  
t h a t  temperature f l u c t u a t i o n s  w i l l  no t  occur .  
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The magnitude of i o c a i  temperature l apse  r a t e  depends xpon t h e  t i m e  
of  day,  weather cond i t ions  , l o c a l i t y ,  s u r f a c e  cond i t ions  , season , 
h e i g h t  above s u r f a c e ,  e t c .  Figure 1 2  d e p i c t s  t y p i c a l  g ross  tempera- 
t u r e  d i f f e r e n c e s  a t  t h e  ear th 's  su r face .  Values of r reach  q u a n t i t i e s  
as h igh  a s  several thousand times t h e  a d i a b a t i c  l a p s e  ra te  a t  d i s t a n c e s  
w i t h i n  a few cen t ime te r s  of t h e  ground. 
During c l e a r  weather ,  r i s  o f t en  cha rac t e r i zed  by super  a d i a b a t i c  l a p s e  
ra tes  dur ing  d a y l i g h t  hour s ,  increas ing  r a p i d l y  du r ing  t h e  e a r l y  p a r t  
of morning and reaching  a maximum va lue  a t  l o c a l  noon; a f t e r  remaining 
s t eady  f o r  some hours a f t e r  noon, t h e  quan t i ty  - r ) decreases  and d 
becomes ze ro  about sunse t .  Pronounced inve r s ion  r a t e s  can occur  a t  
n i g h t  during c l e a r  weather.  For windy and ove rcas t  c o n d i t i o n s ,  t h e  
tempera ture  l a p s e  r a t e  and average temperature  remain very  s t eady  w i t h  
no l a r g e  h igh  frequency f l u c t u a t i o n s .  The q u a n t i t y  (I' - rd) is  a l s o  
a l t i t u d e  dependent;  fur thermore,  t h e  time f o r  which (r - rd) reaches  
a maximum va lue  depends on a l t i t u d e .  
Su r face  cond i t ions  are a l s o  re levant  i n  determining l a p s e  r a t e  by 
e s t a b l i s h i n g  hea t  t r a n s f e r  r a t e s .  Some of t h e  germane f a c t o r s  are 
s o i l  d e n s i t y ,  s o i l  s t a t e  , s p e c i f i c  h e a t ,  c o n d u c t i v i t y ,  s u r f a c e  cover  , 
surrounding t e r r a i n ,  s u r f a c e  roughness , and wind. 
Su r face  roughness and wind speed go toge the r  t o  produce v e r t i c a l  motion 
of  t h e  atmosphere due t o  wind shear ;  t h e  e f f e c t  of  wind shea r  tends  t o  
decrease  t h e  temperature  grad ien t  through a mixing a c t i o n .  The n e t  
e f f e c t  of wind i s  t o  c r e a t e  turbulence ,  hence r e f r a c t i v e  index i n -  
homogenei t ies ;  t h e  magnitude of t h e  wind e f f e c t  depends on t h e  mean 
wind v e l o c i t y  and t h e  temperature l a p s e  r a t e ,  and can be  r e l a t e d  by 
two turbulence  parameters ,  i . e . ,  Reynolds number, R e ,  and Richardson 
number, R i .  
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The average wind speed inc reases  wi th  h e i g h t  above t h e  ground as t h e  
wind f o r c e s  overcome t h e  drag of t h e  e a r t h ' s  s u r f a c e .  
g ives  a gene ra l  expression fo r  t h e  wind v e i o c i t y  g r a d i e n t  a s ;  
Su t ton  (Ref. 13) 
where v* = f r i c t i o n  v e l o c i t y ,  independent o f  h e i g h t  
k = von Karman's constant  - 0.4 
y > 1 f o r  supe rad iaba t i c  temperature  l a p s e  rates 
y = 1 f o r  a d i a b a t i c  l a p s e  rates 
y 1 f o r  inversions 
I n  t h e  c a s e  of a d i a b a t i c  l apse  ra tes ,  Eq. 15 i s  w r i t t e n  as t h e  loga- 
r i t h m i c  l a w  
- V* v(2) = i;- log (>) 
0 
where z = s u r f a c e  roughness h e i g h t ,  independent o f  h e i g h t  
0 
Equation 16 i s  v a l i d  f o r  he igh t s  up t o  30-50 m; f o r  l a r g e  z ,  v a l u e s  of 
v change slowly. - 
The f r i c t i o n  v e l o c i t y  v* is  a c h a r a c t e r i s t i c  parameter of t u rbu lence ,  
which can be determined from wind p r o f i l e  measurements u s i n g  Eq. 16. 
- 
k 6, - v2> 
log z1 - log 2 v* = 2 
I n  g e n e r a l ,  t h e  v e l o c i t y  g rad ien t  e x h i b i t s  a 
(1 7) 
d i u r n a l  v a r i a t i o n ,  being 
s m a l l  i n  daytime and l a r g e  a t  n i g h t .  
g r a d i e n t  i s  t h a t  i t  determines t h e  ra te  a t  which r e f r a c t i v e  index 
The s i g n i f i c a n c e  of t h e  v e l o c i t y  
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I 
inhomogeneities are being t r a n s p o r t e d  h o r i z o n t a l l y ;  i n  a d d i t i o n ,  i f  
t h e  v e l o c i t y  g r a d i e n t  i n c r e a s e s  beyond a c e r t a i n  v a l u e  t h e n  t h e  s imple 
mean flow of  t h e  a i r  makes a t r a n s i t i o n  t o  t u r b u l e n t  f low,  hence v e r -  
t i c a l  mixing of t h e  atmosphere. 
The motion of a i r  produces a shea r ing  s t r e s s  p e r  u n i t  area,  T ,  t h a t  i s  
r e l a t e d  t o  t h e  v e l o c i t y  g r a d i e n t  by 
where v = kinematic v i s c o s i t y  
p = d e n s i t y  of moving medium 
Equation 18 i s  r e w r i t t e n  f o r  wind shea r  as 
- = v  7 bv 
P a2 
F i n a l l y ,  wind shear  i s  r e l a t e d  t o  f r i c t i o n  v e l o c i t y  by 
F 
- 3 k  
P 
v* - 
-2 When t h e  dynamic p r e s s u r e  of t h e  wind ( i . e . ,  pv ) exceeds t h e  v i scous  
f o r c e s  a t  t h e  ground, t h e  flow of t h e  wind makes a t r a n s i t i o n  t o  t u r -  
b u l e n t  flow. The parameter ,  Reynolds number, R e ,  relates t h e  r e l a t i v e  
importance of viscous and i n e r t i a l  f o r c e s  and is de f ined  as: 
1 
I 
I 
I 
1 
1 
I 
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where v '  = f l u c t u a t i o n  i n  v e l o c i t y  
1, = average s i z e  of energy-containing edd ie s  
P -   zedium dynamic v i s c o s i t y  M vp 
When R e  exceeds a c r i t i c a l  value (of about 2000), t hen  laminar flow 
becomes u n s t a b l e  and t u r b u l e n t  edd ie s  are produced. The s i z e s  of t h e  
edd ie s  vary from an o u t e r  s c a l e  l e n g t h ,  L , which i s  c h a r a c t e r i s t i c  of 
t h e  s i z e  of t h e  f l u c t u a t i o n  containing most of t h e  energy of t h e  t u r -  
bu lence ,  t o  an i n n e r  s c a l e  l e n g t h ,  4 which i s  a c h a r a c t e r i s t i c  s i z e  
of t h e  ve ry  s m a l l  edd ie s  t h a t  a r e  r e s p o n s i b l e  f o r  t h e  u l t i m a t e  d i s s i -  
p a t i o n  of energy i n t o  h e a t  by t h e  a c t i o n  of v i s c o s i t y .  
0 
0' 
The energy d i s s i p a t e d  as h e a t  p e r  u n i t  m a s s  of f l u i d  p e r  u n i t  t i m e ,  e ,  
(Ref. 14) i s  of t h e  o rde r  
where v '  = v e l o c i t y  f l u c t u a t i o n  of t h e  eddy 
v3/Q = t h e  energy per u n i t  mass r ece ived  p e r  u n i t  t i m e  by 
t h e  eddies  
Then s o l v i n g  f o r  v and rearranging i n  terms of a ,  w e  have t h e  s i z e  of 
t h e  eddy f o r  t h e  c a s e  of t h e  s m a l l e s t  s i z e  given:  
N 
Typical  s i z e s  of 4 range from a few m i l l i m e t e r s  t o  a maximum of a few 
cen t ime te r s  i n  t h e  lowest 10 km of t h e  atmosphere. Now making u s e  of 
t h e  r e l a t i o n s h i p  e - v  / A  and Eq. 2 1 ,  w e  have t h e  s i z e  of t h e  smallest 
eddy i n  terms of Reynolds number and t h e  tu rbu lence  s c a l e  l eng th  as 
0 
3 
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0 
L 
(Re) 3’4 
Iv 
The o u t e r  s c a l e  l eng ths  vary from 
o r  thousands of meters a t  t h e  t o p  
a few meters a t  t h e  ground t o  hundreds 
of t h e  tropopause.  
The t r a n s i t i o n  t o  t u r b u l e n t  flow can be determined d i r e c t l y  from meas- 
urements at two d i f f e r e n t  levels of average wind v e l o c i t y ,  average 
temperature ,  and temperature  l a p s e  r a t e  u s i n g  ano the r  t u r b u l e n t  flow 
parameter c a l l e d  Richardson number. This parameter is  de f ined  (Ref. 15) 
as 
where B = wind v e l o c i t y  g r a d i e n t  
g = a c c e l e r a t i o n  due t o  g r a v i t y  
Unstable temperature l a p s e  rates g i v e  n e g a t i v e  Richardson numbers and 
g e n e r a l l y  correspond t o  t u r b u l e n t  atmospheric c o n d i t i o n s .  
I n  summary, o p t i c a l  propagat ion e f f e c t s  due t o  f l u c t u a t i o n s  of t h e  re- 
f r a c t i v e  index of t h e  l o c a l  atmosphere c o r r e l a t e  w i t h  t h e  fol lowing 
meteorological  parameters : 
a. 
b. ’ 
C .  
d. 
e. 
f .  
8. 
h. 
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,Mean temperature  
‘Mean p r e s s u r e  
Mean r e l a t i v e  humidity 
F luc tua t ions  i n  v e r t i c a l  temperature  g r a d i e n t  ( l a p s e  rate) 
Mean wind v e l o c i t y  and d i r e c t i o n  
Fluctuat ions i n  wind v e l o c i t y  g r a d i e n t  
Reynolds number 
Richards on number 
30 
1 
I '  
1 Other  environment-def ining condi t ions  such a s  t ime of day o r  n i g h t ,  
season  topography, a i t i t u d e ,  cloud cover, solar I r rad iance,  surfice 
c o n d i t i o n s ,  e t c . ,  should a l s o  b e  noted f o r  each experimental  measure- 
ment. 
So f a r  we have d iscussed  t h e  gross f e a t u r e s  of t u rbu lence  and t h e  r e -  
l a t e d  product ion  of v a r i a t i o n s  i n  r e f r a c t i v e  index. However, t o  r e l a t e  
t h e s e  r e f r a c t i v e  index f l u c t u a t i o n s  t o  e f f e c t s  on o p t i c a l  p ropagat ion ,  
we s h a l l  review t h e  o p t i c a l  p r o p e r t i e s  i n  terms of s t a t i s t i c a l  proper-  
t ies  of t h e  atmosphere. 
2 . 2 . 2  OPTICAL PROPAGATION IN A RANDOM ATMOSPHERE 
There a r e  many a r t i c l e s  on the  s u b j e c t  of  o p t i c a l  p ropagat ion  i n  a 
random medium; among t h e  recent and s i g n i f i c a n t  d i scuss ions  are those  
of T a t a r s k i  (Ref. 14), Chernov  (Ref. 16 ) ,  Hufnagel and S tan ley  (Ref. 17)  , 
Beckmann (Ref. 18), and Hodara (Ref. 19). Only some key p o i n t s  w i l l  
b e  d i scussed  h e r e  f o r  t h e  purpose of  d e s c r i b i n g  t h e  s i g n i f i c a n t  quan t i -  
t a t i v e  r e l a t i o n s h i p s  of o p t i c a l  propagat ion e f f e c t s ,  and of comparing 
t h e  theory  wi th  t h e  experimental  r e s u l t s .  
I n  t h e  fo l lowing  paragraphs ,  we w i l l  d i s c u s s  the random t u r b u l e n t  
medium under cond i t ions  when temperature  is t h e  most i n f l u e n t i a l  f a c t o r  
i n  producing random v a r i a t i o n s  i n  t h e  r e f r a c t i v e  index of  atmosphere. 
S t a t i s t i c a l  Desc r ip t ion  of a Random Atmosphere 
The o p t i c a l  p r o p e r t i e s  of t h e  atmosphere a r e  determined from l o c a l  con- 
d i t i o n s  of t h e  r e f r a c t i v e  index which a r e  g e n e r a l l y  random func t ions  of 
bo th  t i m e  and space ,  i .e . ,  n ( s ,  y ,  z, t).  
t h e  r e f r a c t i v e  index can b e  descr ibed s u f f i c i e n t l y  by t h e  mean v a l u e  
n and i t s  c o r r e l a t i o n  func t ion:  
For a p a r t i c u l a r  p o s i t i o n ,  
- 
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where ( )  i n d i c a t e s  s t a t i s t i c a l  average 
)I = t h e  f l u c t u a t i o n  i n  r e f r a c t i v e  index 
Assuming e r g o d i c i t y ,  Eq. 25 becomes 
where t h e  ba r  i n d i c a t e s  t i m e  average. 
As pointed out  by T a t a r s k i  (Ref. 20) , n ( r , t )  v a r i e s  w i th  t i m e  so  t h a t  
t h e  s t a t i o n a r y  c o n d i t i o n  cannot be invoked i n  t h e  s t a t i s t i c a l  a n a l y s i s .  
I n s t e a d ,  t h e  s t r u c t u r e  f u n c t i o n  D fi r , T)  i s  introduced t o g e t h e r  
w i t h  the  assumption of random f u n c t i o n s  wi th  s t a t i o n a r y  increments;  
cons ide r ing  only t h e  s p a t i a l  dependence of index of r e f r a c t i o n ,  
- 
n 1' 2 
I f  it i s  assumed t h a t  t h e  medium is homogeneous, t hen  t h e  c o r r e l a t i o n  
between two p o i n t s  depends only upon t h e  d i s t a n c e  between t h e  p o i n t s  
and no t  l o c a t i o n  ( i . e .  , D n ( r l y  
assumed t h a t  t h e  atmosphere i s  l o c a l l y  i s o t r o p i c ,  t hen  t h e  c o r r e l a t i o n  
i s  independent of d i r e c t i o n ;  hence,  D n ( r )  = Dn(r) .  
phere  i s  g e n e r a l l y  a n i s o t r o p i c ,  w e  w i l l  f o r  s i m p l i c i t y  assume l o c a l  
i so t ropy .  
- -  
= D,('). Furthermore,  i f  i t  i s  '2) 
- 
Although t h e  atmos- 
Recal l ing from Eq. 1 t h a t  n ( r )  i s  comprised of an average term and a 
f l u c t u a t i o n  from t h e  average,  p ,  and n(r) - 1 ,  t hen  Eq. 27 can be 
r e w r i t t e n  
7
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” 
where 
- 
2 
0 n = (p)2 = Bn(o) 
and 
r = } r 2  - r I 1 
S i n c e  w e  assume t h a t  t h e  f l u c t u a t i o n s  a r e  produced by temperature  
f l u c t u a t i o n s ,  it can be seen from Eqs. 10 and 11 t h a t  
Consequently, one can e v a l u a t e  t h e  c o r r e l a t i o n  f u n c t i o n  B (r) d i r e c t l y  
from Eq. 29 o r  from Eq. 28: 
n 
where 
from Eq. 30; D n ( r )  comes from measurements of n ( r  ) - 1 + Ap / T  
eva lua t ions  of Eq. 27. 
and 1 2 2  
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Tatarski (Ref. 21) shows on the basis of Kolmogoroff's law for 
isotropic turbulence that the structure function is of the form: 
r 213 C r  
(33) 
where C a structure constant related to e ,  @, and temperature lapse 
rate by (Ref. 17) 
n 
2 213 2 2 
C 2 = a e  n Y /@ 
CY = constant 
- 
2 Rewriting Eq. 32 and substituting the expressions for (g) 
into Eq. 28 gives 
and Bn(r) 
( 3 4 )  
Equation 35 shows the important relationship between the meteorological 
parameters and the turbulence parameter, the atmospheric structure con- 
stant. This turbulence parameter plays an important role in predicting 
optical beam degradation by the atmosphere. 
varies with altitude above the ground. 
Figure 13 shows how Cn 
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Figure 13. Index of Refraction Structure "Constant" versus 
Altitude (after Hufnagel and Stanley, Ref. 1 7 )  
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Another important parameter i s  t h e  o u t e r  scale o f  t u r b u l e n c e ,  L 
t h e  c o r r e l a t i o n  d i s t a n c e .  A s  t h e  s e p a r a t i o n  d i s t a n c e  r i n c r e a s e s ,  t h e  
s t r u c t u r e  f u n c t i o n  D_(r) changes from a f u n c t i o n  of r 
o r  
0, 
2 t o  a f u n c t i o n  
II 
of r2/3; t h i s  p o i n t  e s t a b l i s h e s  t h e  i n n e r  scale  of t u rbu lence  d i s t a n c e ,  
. A s  r i n c r e a s e s  f u r t h e r ,  D n ( r )  no longer  fol lows t h e  r2/3 l a w  be- 
LO* 
yond a s e p a r a t i o n  d i s t ance*  c a l l e d  t h e  o u t e r  s c a l e  of t u r b u l e n c e ,  
Over a uniform o p t i c a l  p a t h ,  a l i g h t  beam t r a v e r s e s  L/L such i n t e r -  
v a l s ;  t h e  t o t a l  o p t i c a l  beam degrada t ion  depends upon bo th  t h e  numbey 
2 of turbulence zones and t h e  s t r e n g t h  of t h e  zones,  c h a r a c t e r i z e d  by p, . 
0 
The mean square f l u c t u a t i o n  i n  t h e  phase between two p o i n t s  on a wave- 
f r o n t ,  a f t e r  t h e  wavefront has propagated over  a p a t h  l e n g t h  L ,  accord- 
i ng  t o  T a t a r s k i ,  i s  given by 
L 
CJ # 2 ( r )  = D,(r) = 2.91(2n/h)2 r5j3 C:(z) dz 
0 
Assuming a h o r i z o n t a l  p a t h  wi th  C c o n s t a n t ,  t h e n  Eq. 36 becomes n 
Another der ived expres s ion  f o r  t h e  s t r u c t u r e  f u n c t i o n  is  g iven  by 
(Ref. 22):  
(38) 
5 / 3  Dn(r) = 6 . 8 8 ( r / r o )  
where r = maximum e f f e c t i v e  a p e r t u r e  f o r  coherent  d e t e c t i o n .  Combin- 
ing E q s .  37  and 38, t h e  maximum e f f e c t i v e  r e c e i v e r  a p e r t u r e  i s  
0 
* 
The inner and o u t e r  s c a l e s  of t u rbu lence  are a l s o  r e l a t e d  t o  t h e  
Reynolds number, u s i n g  Eq.  23. 
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where wavelength,  h ,  is  i n  microns and pa th  l eng th  L i s  i n  m e t e r s .  
From t h e  form of Eq. 39, t h e  advantages of long wavelengths f o r  coherent  
o p t i c a l  r e c e i v e r s  i s  r e a d i l y  apparent. 
Other  a tmospheric  e f f e c t s  on o p t i c a l  beam p r o p e r t i e s  and propagat ion  
are now d i scussed .  
I n t e n s i t y  F l u c t u a t i o n s  
T a t a r s k i  der ived  express ions  t h a t  relate t h e  dependence of t h e  magni- 
t ude  of s c i n t i l l a t i o n  on d i s t ance  and on me teo ro log ica l  c o n d i t i o n s ,  
t h e  form of t h e  c o r r e l a t i o n  func t ion  of t h e  f l u c t u a t i o n  of l i g h t  i n -  
t e n s i t y ,  and t h e  shape of the normalized s p e c t r a l  d e n s i t y  curve.  
T a t a r s k i  (Ref. 23) der ived  t h e  expres s ion  f o r  ampl i tude  f l u c t u a t i o n  
from t h e  wave equat ion  us ing  Rytov's approximation. For t h e  c a s e  
K>> io,t h e  mean square  value of t h e  ampli tude f l u c t u a t i o n  is  
g iven  by 
- 
x2 = ( log  A/Ao)* =i 0.31 Cn 2 k 716 L1116 
where K = m/A. I n  terms of i n t e n s i t y  t h i s  can be  w r i t t e n  
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2 
1 (T o2 = ( l o g  IDo) 2 = 4x2 = log (1 + -) 
(3 
37 
where a* = (I - - 2  I) and o2 = 1 . 2 3  Cn 2 k 7/6 L11/6 . T a t a r s k i  ' s  e x p e r i -  
1 
mental d a t a  v e r i f i e d  t h e  log  normal d i s t r i b u t i o n  l a w  f o r  f l u c t u a t i o n s  
of l i g h t  i n t e n s i t y .  F u r t h e r ,  i t  was shown t h a t  o a L11/6, according 
t o  theory.  
2 
The normalized frequency spectrum of t h e  amplitude f l u c t u a t i o n s ,  
de f ined  by 
where W(f) = s p e c t r a l  d e n s i t y  of f l u c t u a t i o n  a t  frequency f ,  w a s  con- 
firmed t o  b e  a func t ion  only of t h e  argument d q .  
f 
The q u a n t i t y  
corresponds t o  t h e  maximum of t h e  curve U(f) and is equa l  t o  one- m 
h a l f  t h e  sum of t h e  frequency f o r  which U(f) = 1 / 2  [U(f)lma,. 
empir ical  q u a n t i t y  f 4- t m is  approximately cons t an t  such t h a t  
The 
m 
V n f = 0 . 3 2  -
f i  m 
( 4 3 )  
and agreed c l o s e l y  wi th  t h e  form c a l c u l a t e d  on t h e  b a s i s  of f rozen-  
i n  turbulence ( fm = 0.55 v /fi). 
v e l o c i t y  i n c r e a s e s ,  t h e  curves of U(f) are s h i f t e d  i n  t h e  high-frequency 
d i r e c t i o n .  Other au tho r s  de r ived  expres s ions  f o r  o p t i c a l  e f f e c t s  based 
upon t h e  approximations of geometr ical  o p t i c s .  For example, Beckmann, 
s t a r t i n g  with t h e  Divergence Theorem, d e r i v e s  t h e  expres s ion  f o r  f l u c -  
t u a t i o n  of logari thmic i n t e n s i t y  f o r  i s o t r o p i c  tu rbu lence  as 
Equation 43 states t h a t  as wind n 
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(44) 
where Lo = c o r r e l a t i o n  d i s t ance  (Beckmann's R) 
L = o p t i c a l  pa th  l e n g t h  
(p2> = mean square  dev ia t ion  of r e f r a c t i v e  index 
For t h e  c a s e  of i n t e n s i t y  d i s t r i b u t e d  log-normally and f o r  t h e  c o r r e l a -  
t i o n  func t ion  g iven  by 
then  t h e  f l u c t u a t i o n  i n  i n t e n s i t y  i s  given by 
(I) = 1 exp(- 1 6  (p 2> "3) 
0 ,.- 33L 
0 
Both t h e  express ion  f o r  logari thmic i n t e n s i t y  f l u c t u a t i o n  given by 
Eq. 44 and Eq. 41 ,  are f o r  small r e c e i v e r s .  
l a r g e  r e c e i v e r s  w i l l  decrease  t h e  magnitude of i n t e n s i t y  f l u c t u a t i o n .  
Beckmann f u r t h e r  de r ives  an  expression t o  show t h a t  i n  o rde r  t o  have 
n e g l i g i b l e  no i se  d i s t r o t i o n  of an AM s i g n a l ,  t h e  modulation dep th ,  m ,  
of t h e  t r ansmi t t ed  s i g n a l  must  s a t i s f y  t h e  cond i t ion  
S igna l  averaging ac ross  
According t o  Beckmann t h e  s p e c t r a l  dens i ty  of t h e  f l u c t u a t i o n s  i s  
where Q = angular  frequency of n o i s e  modulation 
v = crosswind ve loc i ty  
C 
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It i s  found t h a t  9 9  percen t  of t h e  n o i s e  spectrum l i e s  below t h e  
frequency 
C 
3.64 v 
L 
0 
n =  m (49 )  
The maximum s c i n t i l l a t i o n  frequency d e t e c t e d  a t  t h e  r e c e i v e r ,  however, 
i s  r e l a t e d  t o  both t h e  t r a n s m i t t e r  and r e c e i v e r  a p e r t u r e s ,  d and D ,  
r e s p e c t i v e l y  (Ref. 24) .  
frequency i s  about V ~ / ( ~ L ) . ' / ~ ;  on t h e  o t h e r  hand, i f  d >> (hL)'l2, t h e  
s c i n t i l l a t i o n  frequency w i l l  extend t o  approximately v C /d .  
When d << (hL)1'2 , t h e  maximum s c i n t i l l a t i o n  
Ref rac t ive  index inhomogeneities i n  t h e  v i c i n i t y  of t h e  t r a n s m i t t e r  
produce random beam s t e e r i n g  o r  spo t  dancing,  w i t h  subsequent f l u c t u a -  
t i o n s  i n  i n t e n s i t y  a t  t h e  r e c e i v e r .  
n e i t i e s  a re  nea re r  t h e  r e c e i v e r ,  f l u c t u a t i o n s  i n  ang le  of a r r i v a l  are 
produced as well as  p o s s i b l e  coherence degrada t ion .  
I n  t h e  c a s e  where t h e  inhomoge- 
Angle of Ar r iva l  F l u c t u a t i o n s  
The mean square of t h e  t o t a l  angular  d e v i a t i o n  of t h e  beam p ropaga t ing  
through i s o t r o p i c  tu rbu lence  i s  given by (Ref. 18) 
L1 
0 
The e f f e c t  of angular  d e v i a t i o n s  can b e  t o  d e f l e c t  t h e  incoming beam 
t o  d i f f e r e n t  p o i n t s  on a d e t e c t o r ,  t o  produce s p a t i a l  phase f l u c t u a -  
t i o n s  across  t h e  beam d iame te r ,  o r  t o  produce l a t e r a l  ( temporal)  phase 
d i s t o r t i o n s  along t h e  d i r e c t i o n  of propagat ion of t h e  beam; which 
e f f e c t  occurs depends on t h e  r e l a t i v e  s i z e  of t h e  beam diameter  t o  t h e  
s i z e  of inhomogeneities and on t h e  diameter of t h e  c o l l e c t i n g  o p t i c s .  
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Spot Danc i n q  
When t h e  wavefront o f  t h e  propagated beam is  randomly d e f l e c t e d  such 
t h a t  t h e  phase v a r i e s  l i n e a r l y  a c r o s s  t h e  r e c e i v i n g  a p e r t u r e ,  t h e  re- 
s u l t  i s  a random s p o t  displacement of t h e  focused beam a t  t h e  p l a n e  of 
t h e  d e t e c t o r .  For i s o t r o p i c  turbulence,  Beckmann shows t h e  mean square 
f l u c t u a t i o n  of spo t  p o s i t i o n  to  b e  
For t h e  case of d e t e c t o r s  w i th  ve ry  s m a l l  act-?e a r e a s ,  t h e  spo t -danc -  
i n g  could be seve re  enough t o  produce amplitude modulation o f  t h e  s i g n a l .  
Transverse Phase - S p a t i a l  Coherence Degradation 
On t h e  o t h e r  hand, i f  t h e  phase ac ross  t h e  r e c e i v e r  a p e r t u r e  v a r i e s  
randomly, t h e  s p a t i a l  coherence of t h e  beam i s  degraded; o r  f o r  t h e  
case where t h e  i n c i d e n t  wavefront is  l a r g e r  t han  t h e  inhomogeneities 
and a l a r g e  r e c e i v e r  a p e r t u r e  i s  used,  t hen  a b l u r r e d  image is  produced. 
The c o r r e l a t i o n  of t h e  phase f l u c t u a t i o n s  i n  t h e  p l ane  o f  t h e  r e c e i v e r  
i s  , fol lowing Beckmann, €or  i s o t r o p i c  tu rbu lence  
where C i s  assumed t o  be Ray le igh -d i s t r ibu ted .  Hence n 
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To keep d i s t o r t i o n  due t o  s p a t i a l  coherence degrada t ion  n e g l i g i b l e ,  
t h e  cond i t ion  ( [ J r ( p )  - J r ( o ) ]  ) << TT must b e  s a t i s f i e d  f o r  t h e  c a s e  
of o p t i c a l  heterodyning;  on t h e  o t h e r  hand, f o r  d i r e c t  d e t e c t i o n ,  t h e  
cond i t ion  
2 2 
. L L  0.9 s y12 = - 1 
A$ 
(54) 
must b e  s a t i s f i e d .  
I n  t h e  f i r s t  c a s e ,  Beckmann shows t h a t  f o r  a modulation frequency of 
t h e  c a r r i e r  wave (n = c K ) ,  t h e  maximum a p e r t u r e  dimension is 
(55) 
o r  f o r  a given a p e r t u r e  t h e  maximum modulation frequency (with phase $) 
i s  
When p >> Lo, t h e  al lowable modulation bandwidth i s  g iven  by 
The second c r i t e r i o n  r e l a x e s  t h e  cond i t ions  on r e c e i v e r  a p e r t u r e  s i z e  
l i m i t s .  This t ype  of phase d i s t o r t i o n  is  r e l a t i v e l y  una f fec t ed  by wind. 
The e f f e c t s  can p a r t i a l l y  be overcome by optimum s e l e c t i o n  of modulat- 
i n g  frequency and r e c e i v e r  a p e r t u r e .  
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Temporal Coherence Degradation 
Atmospheric cond i t ions  t h a t  produce f l u c t u a t i n g  d i f f e r e n c e s  i n  t r a n s i t  
t i m e s  are t h e  causes  of temporal coherence degrada t ion  o r  phase o r  
frequency random modulation. 
Following Hodara (Ref. 1 9 ) ,  the  phase of t h e  wavefront a t  any p o i n t  z 
along t h e  p a t h  i s  
4 = w o t - k  0 z n  
I n  t h e  case of v a r i a t i o n s  i n  index of r e f r a c t i o n  along t h e  p a t h ,  d 
f l u c t u a t e s  as 
f = d - w o t  
Over a coherence i n t e r v a l  t h e  change i n  phase i s  
S ince  over t h e  t o t a l  pa th  t h e r e  are L/Lo coherence i n t e r v a l s  
S ince  frequency modulation comes from d f / d t ,  Hodara shows t h a t  t h e  mean 
squa re  f l u c t u a t i o n  i n  frequency i s  given by 
h' T' 
0 0 
where To is  a c h a r a c t e r i s t i c  period a r i s i n g  from f l u c t u a t i o n s  i n  e i t h e r  
temperature  o r  from crosswinds,  i n  t h e  l a t t e r  c a s e ,  To = Lo/vc. 
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Beckmann shows t h a t  t h e  frequency modulations produced by upwind o r  
downwind components are n e g l i g i b l e  compared w i t h  t h e  crosswind e f f e c t s .  
Est imates  of t h e  s t anda rd  d e v i a t i o n  of frequency modulation are re- 
po r t ed  t o  be as  h igh  as 1 h e r t z  f o r  temperature  f l u c t u a t i o n s ,  w i th  
100 kHz t o  10 kHz more l i k e l y ;  t h e s e  l a t t e r  v a l u e s  are a l s o  Hodara's  
estimates f o r  wind e f f e c t s .  
Addit ional  E f f e c t s  
There are two a d d i t i o n a l  atmospheric e f f e c t s  t h a t  need mentioning. 
These a r e  beam c r o s s  s e c t i o n  f l u c t u a t i o n s  and p o l a r i z a t i o n  f l u c t u a -  
t i o n s .  Summarizing from Hodara, t h e  r e l a t i v e  f l u c t u a t i o n  i n  beam 
c r o s s  s e c t i o n  i s  given by 
3 
= ( v 2 >  (k) 
0 
The p o l a r i z a t i o n ,  @ , of t h e  i n i t i a l  
t a n  d = 5i 
+ 2/-
earn is  de f ined  by t..e argument of 
where E and ETx are p o l a r i z e d  E - f i e l d  components. A f t e r  propagat ion 
t o  t h e  r e c e i v e r  t h e  p o l a r i z a t i o n  may be modified t o  
5 
The change i n  p o l a r i z a t i o n  through one coherent  t u rbu lence  element i s  
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which for the entire path length becomes 
L L  
sin 2@ 0 2  
where L and L are coherence lengths along and transverse to the 
path, respectively. 
in polarization is given by 
0 2  oT 
Finally, for the case of @ = 45O, the fluctuation 
In the foregoing sections, we have summarized some derived expressions 
for relating optical beam degradations produced by the atmosphere. 
These derivations, of course, are based upon certain assumptions and 
atmospheric models and require additional experimental verification. 
The first quarterly report* of this study contained a discussion of 
past experimental investigations of optical propagation and proposed 
plans for additional experiments to determine the atmospheric effects 
on laser beams propagating through the lower atmosphere. Table I11 
summarizes several possible experiments and indicates their relative 
importance in optical communications. Details of the experiments and 
experimental apparatus are given in the following section. 
* 
"Study of Atmospheric Degradation of Laser Beams," Report 7097-4-1, 
Electro-Optical Systems, Inc.  , Pasadena, California, September 1966. 
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SECTION 3 
EXPERIMENT DESCRIPTION AND DISCUSSION 
O f  t h e  experiments l i s t e d  i n  Table 111 t h e r e  are two t h a t  a r e  of p r i -  
mary importance i n  t h i s  p re sen t  s tudy.  
i n t e n s i t y  f l u c t u a t i o n s  and t r ansve r se  o r  s p a t i a l  coherence c o r r e l a t i o n  
d i s t a n c e  along the beam wavefront. I n  the former case, i t  is  impor- 
t a n t  t o  c h a r a c t e r i z e  the  noise-generat ing p r o p e r t i e s  of the atmosphere, 
and secondly,  to  determine t h e  atmospheric l i m i t a t i o n s  t o  coherent  
o p t i c a l  r e c e i v e r s .  Experiments and appa ra tus  were developed f o r  the 
purpose of i n v e s t i g a t i n g  the e f f e c t s  of t he  lower atmosphere on 10.6~ 
and 0.6328~ laser beams. The longer wavelength was s e l e c t e d  t o  v e r i f y  
t h e  t h e o r e t i c a l  advantages o f  long wavelengths f o r  coherent  d e t e c t i o n ;  
t h e  s h o r t e r  wavelength was s e l e c t e d  for comparison of o p t i c a l  e f f e c t s ,  
e s p e c i a l l y  s i n c e  much laser experimental d a t a  e x i s t s  f o r  the He-Ne 
laser.  The experimental  program and appa ra tus  are d i scussed  i n  t h i s  
s e c t  ion.  
These are measurements of 
3 . 1  GENERAL DESCRIPTION 
Two laser beams, one from a CO l a s e r  and one from a He-Ne l a s e r ,  were 
t r ansmi t t ed  t o  an  a r r a y  of four corner  cubes a t  a d i s t a n c e  of 3 m i l e s  
from the  t r a n s m i t t e r  s i te .  The corner  r e f l e c t o r s  fo lded  the  o p t i c a l  
pa th  back t o  two o p t i c a l  r e c e i v e r s .  
2 
Figure 14 i s  a map showing the o p t i c a l  pa th  and gene ra l  topography. 
Figure 15 d e p i c t s  t he  ground p r o f i l e  between t h e  EOS f a c i l i t y  and the  
corner  cubes a t  Henninger Flats. The l a s e r s  and r e c e i v e r s  a r e  loca t ed  
a t  the EOS f a c i l i t y  t oge the r  with a meteorological  s t a t i o n .  A remote 
me teo ro log ica l  s t a t i o n  i s  loca ted  a t  t h e  h i l l  s i t e ;  i n  a d d i t i o n ,  t h e r e  
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Figure  14. Topographic Map Showing O p t i c a l  Path 
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i s  a h igh -con t ra s t  o p t i c a l  r e s o l u t i o n  t a r g e t  f o r  c h a r a c t e r i z i n g  v i s i -  
b i l i t y  and "seeing" c o n d i t i o n s .  
The r e f l e c t e d  He-Ne l a s e r  beam i s  c o l l e c t e d  by a 6-inch t e l e s c o p e  and 
the CO l a s e r  beam by a 16-inch t e l e s c o p e ;  d e t e c t o r s  respond t o  the 
l a s e r  beam i n t e n s i t y  and i n t e n s i t y  f l u c t u a t i o n s  and these  s i g n a l s  are  
recorded, t oge the r  w i th  me teo ro log ica l  d a t a ,  f o r  l a t e r  d a t a  p rocess ing  
and a n a l y s i s .  
a t  the EOS f a c i l i t y .  Table IV d e s c r i b e s  t h e  equipment i n d i c a t e d  i n  
Fig.  16. 
2 
Figure 16 i s  a n  o v e r a l l  block diagram of the  equipment 
F igu re  1 7  i s  a photograph of the l a s e r  t r a n s m i t t e r - r e c e i v e r  s t a t i o n .  
Recording in s t rumen ta t ion  i s  shown i n  Fig.  18. The me teo ro log ica l  
s enso r  mast i s  pos i t i oned  o u t s i d e  the  window, i n  the  immediate v i c i n i t y  
of t he  t r ansmi t t ed  and r ece ived  beams; F ig .  19 shows t h e  senso r  m a s t  
and F ig .  20  shows the in s t rumen ta t ion  s u b s t a t i o n .  
background i s  the l o c a t i o n  of t he  remote s t a t i o n .  F igu re  2 1  i s  a 
photograph of the remote s t a t i o n ,  which w a s  taken through a t e l e p h o t o  
l e n s ;  the r e s o l u t i o n  t a r g e t  i s  v i s i b l e  i n  f r o n t  of the b u i l d i n g ;  an  
enclosure con ta in ing  fou r  corner  cube r e f l e c t o r s  is  s i t u a t e d  a t  the 
peak of the r o o f ;  and a second me teo ro log ica l  s enso r  m a s t  i s  a l s o  
pos i t i oned  i n  the foreground (not  shown). This remote s t a t i o n  uses  
a u x i l i a r y  power from a s t o r a g e  b a t t e r y  and an ac-dc conve r t e r  f o r  
ope ra t ing  a program t i m e r  and f l o o d l i g h t s  f o r  r e s o l u t i o n  t a r g e t  
i l l u m i n a t i o n .  
The mountain i n  t h e  
The experimental  appa ra tus  a r e  desc r ibed  and d i scussed  i n  more d e t a i l  
i n  the following subsec t ions .  
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A 1  
A2 
A3 
A4, A5 
A6 
D 1  
D2 
D 3  
F1, F2 
H 1 ,  H2 
M 1  
M2 
M 3  
M4 
PS 1 
PS2 
PS 3 
RA, RB 
T1, T4 
TS 
v1, v2 
v3 
TABLE I V  
ANNOTATED INDEX OF EXPERIMENTAL APPARATUS 
7097-Final 
CO laser d e t e c t o r  a m p l i f i e r .  Telctronix Model 122 preamp 
Galvanometer a m p l i f i e r  - Honeywell Model T6GA 
Humidity sensor  a m p l i f i e r  (EOS cons t ruc t ed )  
Wind v e l o c i t y  a m p l i f i e r  and m e t e r  ou tput .  
910 Flowmeter 
Meter a m p l i f i e r s  - Bruel  and Kjaer Mod. 2409 
Bolometer d e t e c t o r  - Barnes Engineer ing  Thermis te r  type 
F-S25-S 
RCA 7265 m u l t i p l i e r  phototube,  S-20 response  
I n f r a r e d  d e t e c t o r  - Minneapolis-Honeywell Model DLK-13-B3 
Wave ana lyze r ,  H e w l e t t  Packard 302A 
Humidity sensor  - Phys ica l  Chemical Corpora t ion  Type PCRC-55 
Barometer , a i r  guide 
R e l a t i v e  humidity - Stewar t  Hygrometer - w e t  and d r y  bulb  
Taylor  wind scope 
Aerojet-General  weather  ins t rument  
Spectra-Physics  power supply f o r  He-Ne laser 
EOS power supply f o r  C 0 2  l aser  
P r e c i s i o n  h igh  v o l t a g e  power supply f o r  7265 FW tube 
Recorder ,  Brush Mark I1 
Temperature sensors  MS1 T07-10-1000 
Temperature sensor  b r idge  (4)  (EOS cons t ruc t ed )  
Wind v e l o c i t y  i n d i c a t o r ,  West Coast Mod. 910 
Taylor  wind scope 
2 
West Coast  Mod. 
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TABLE IV 
ANNOTATED INDEX OF EXPERIMENTAL APPARATUS (contd) 
Camera , Pola ro id  Scope 
Chopper, 500 and 1000 Hz 
Laser ,  He-Ne Spectra  Physics Mod. 
Laser, C02 EOS, 75W 
Osc i l lo scope  - Tektronix Dual B e a m ,  Model 565 
Osc i l lo scope  - Tektronix Dual B e a m ,  Mod. 555A 
O p t i c a l  r eco rde r  - Honeywell Viscorder ,  12 channel 
Telescope No. 1, Ce les t ron  4 i n . ,  1500 mm FLY 25 l~pn eyepiece 
Telescope No. 2 ,  Edmund S c i e n t i f i c  6 in., 68 in. FL, 25 nm eyepiece 
Telescope No. 3, Op t i ca l  Craftsman 1 6  i n . ,  90 in. FL 
Tape r e c o r d e r ,  P rec i s ion  Instruments ,  Model P I  200, 
1 4 - 1  channe 
5 3  
F i g u r e  1 7 .  Lase r  T r a n s m i t t e r  - O p t i c a l  Receiver  Bench Se tup  f o r  O p t i c a l  
P ropaga t ion  Experiments 
7 09 7 -F ina l  
OT 367117 
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Figure  18. Recording Ins t ruments  f o r  O p t i c a l  and Meteo ro log ica l  S i g n a l s  
During Laser  Propagat ion  Research 
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367116 
Figure  19. Meteoro logica l  Sensor Mast 
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Figure  20. Me teo ro log ica l  I n s t r u m e n t a t i o n  S u b s t a t i o n  No. 1 
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0T-367 115 
7 09 7 -F i n a  1 
PO342 
Figure  21. Photograph o f  Remote S t a t i o n  t aken  from 
EOS F a c i l i t y  Through Telephoto Lens 
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3 . 2  
Br? t!? 
w i t h  
OPTICAL EXPERIMENTAL APPARATUS 
t h e  m 2 n d  He-Ne l a s e r  beams are t r ansmi t t ed  s imul taneous ly ,  
t he  C02 l a s e r  on the  extreme l e f t  i n  Fig.  1 7 ,  and the  He-Ne 
-2 ---- 
a longs ide .  The nominal cw power output  of t he  CO laser a t  1 0 . 6 ~  i s  
over  70 wat t s .  The mode pa t t e rn  was not  s t u d i e d  i n  d e t a i l ,  bu t  burn 
p a t t e r n s  i n d i c a t e  t h a t  t he  l a s e r  can be a d j u s t e d  f o r  s i n g l e  t r ansve r se  
mode ope ra t ion .  The C02 l a s e r  i s  dc e x c i t e d  so  t h a t  ou tput  power 
f l u c t u a t i o n s  are  reduced.  The ou tpu t  power of  t h e  He-Ne laser i s  
nominal ly  25 m i l l i w a t t s  a t  0.6328~. 
2 
The laser beams are chopped a t  1000 Hz, t r a n s m i t t e d  t o  t h e  co rne r  
cubes,  and r e d i r e c t e d  back t o  the laser t r a n s m i t t e r s .  Four co rne r  
cubes can be used ,  e i t h e r  i n d i v i d u a l l y  o r  combined. 
Re f l ec t ed  s i g n a l s  a r e  c o l l e c t e d  by a 16-inch t e l e scope ,  i n  t h e  case 
o f  t h e  1 0 . 6 ~  r a d i a t i o n ,  and a 6-inch t e l e scope ,  i n  t h e  case of t h e  
0 . 6 3 2 8 ~  r a d i a t i o n .  F igures  22 and 23 are  schematic  diagrams o f  the  
d e t e c t i o n  equipment f o r  the  10.61~. and 0 . 6 3 2 8 ~  r a d i a t i o n ,  r e s p e c t i v e l y .  
The i n f r a r e d  d e t e c t o r  r e q u i r e s  coo l ing  t o  l i q u i d  n i t r o g e n  temperatures .  
The p reampl i f i e r  has  a g a i n  of about  120. Output s i g n a l s  from each  
d e t e c t o r  are  passed through wave ana lyze r s ,  o r  f i l t e r - a m p l i f i e r s  tuned 
t o  1000 Hz w i t h  85-Hz bandwidths. 
The r ece ived  l a s e r  s i g n a l  power i s  computed us ing  the  expres s ion  
n , n  n L 4 L  
- PoDCDRDT 
ps R ~ A ~  (2. 4 ) 4 ~ 2 ~ t  
where Po = laser power output 
DC = r e c e i v e r  aper ture  
70 9 7 - F i na 1 59 
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Figure  23. 0.6328~ Radiat ion Detec tor  Wire Diagram 
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DR = diameter  o f  r e t r o r e f l e c t o r  
DT = diameter  of  t r a n s m i t t e r  beam 
R = range 
K = f a c t o r  by which l a s e r  d ivergence  exceeds d i f f r a c t i o n  l i m i t  
K1 = r e t r o r e f l e c t o r  beam f i g u r e  
\ = r e c e i v e r  o p t i c a l  e f f i c i e n c y  
TA = atmospheric  t ransmiss ion  
For the  case of the i n f r a r e d  laser w i t h  t h e  fo l lowing  parameters  
Po = 50 w a t t s  
- 50 cm - DC 
DR = 5 c m  
DT = 1 c m  
5 R = 5 x 1 0  cm 
h = 1.06 x c m  
K = 3  
K’ = 1 
\ = 1  
TA - 1 
w e  ob ta in  
which i s  apprec iab ly  l a r g e r  than  the  noise-equivalent-power of  t h e  
d e t e c t o r .  
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The l a r g e r  t e l e scope  i s  used t o  d e t e c t  t he  i n f r a r e d  r a d i a t i o n  s o  t h a t  
v a r i a b l e - s i z e d  a p e r t u r e s  can be p o s i t i o n e d  i n  f r o n t  of t h e  t e l e scope  
wi th  v a r i o u s  c e n t e r - t o - c e n t e r  d i s t a n c e s  and s p a t i a l  cuiiei-eiice measiir~- 
ments obtained.  A chopper (360 rpm) a l t e r n a t e l y  opens bo th  a p e r t u r e s ,  
c l o s e s  one, opens bo th ,  c l o s e s  the  o t h e r ,  and then opens both aper-  
t u r e s  aga in .  
cos(wt + cp) f o r  the o t h e r ,  the d e t e c t o r  s i g n a l s  a r e  p r o p o r t i o n a l  t o  
I f  t he  o p t i c a l  f i e l d  a t  one a p e r t u r e  i s  A cosw and A2 1 
s1 = kA; 
s2 = kA; (68) 
+ 2 c o q  1+2 
f o r  t he  case  of a p e r t u r e  1 open on ly ,  a p e r t u r e  2 open on ly ,  and both 
a p e r t u r e s  open, r e s p e c t i v e l y .  The phase d i f f e r e n c e  between the  s i g -  
nals a t  each aperture can be determined us ing  Eq. 69: 
For these  i n i t i a l  experiments i t  i s  assumed t h a t  t he  phase f l u c t u a -  
t i o n s  vary slowly wi th  r e s p e c t  t o  the chopping ra te  of  the a p e r t u r e s  
and t h a t  E q .  70 can be used t o  i n d i c a t e  the  degree of c o r r e l a t i o n  
between p o r t i o n s  of the inc iden t  wavefront a t  va r ious  s e p a r a t i o n  
d i s t a n c e s .  
I n  a d d i t i o n  t o  the r e t u r n e d  s i g n a l s ,  a p o r t i o n  of t h e  t r a n s m i t t e d  C02 
l a s e r  beam i s  sampled and d e t e c t e d ,  by the bolometer d e t e c t o r  shown 
i n  Fig.  24,  f o r  use as a reference s i g n a l  and f o r  obse rva t ions  of 
t r a n s m i t t e r  power s t a b i l i t y .  
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i n  a d d i t i o n  t o  t h e  primary o p t i c a l  equipment, the o p t i c a l  pa th  i s  
a l s o  instrumented w i t h  a te lescope p l u s  camera a t  the l a b  s i t e  and 
two h i g h - c o n t r a s t  r e s o l u t i o n  t a r g e t s  a t  the h i l l  s i t e ,  where the  cor-  
n e r  r e f l e c t o r s  a r e  loca t ed .  The t a r g e t  c o n s i s t s  of t he  10 s e t s  o f  
s t a n d a r d  r e s o l v i n g  power t es t  t a r g e t  elements o r i e n t e d  h o r i z o n t a l l y  
on one t a r g e t  and v e r t i c a l l y  on the o t h e r ,  w i th  angu la r  spacings of 
from 5 t o  40 microradians.  Atmospheric v i s i b i l i t y  and s e e i n g  condi- 
t i o n s  determine t h e  minimum reso lvab le  s p a t i a l  frequency t h a t  can be 
observed. The t a r g e t s  a r e  s h e l t e r e d  from the s u n l i g h t  and a r t i f i c i a l  
l i g h t i n g  i s  supp l i ed  t o  remove t h e  e f f e c t s  of ambient l i g h t i n g  from 
the measurements. 
3 . 3  METEOROLOGICAL INSTRUMENTATION 
Meteorological  instruments  a r e  employed a t  t h e  t r a n s m i t t e r - r e c e i v e r  
s i t e  and a t  t he  remote h i l l  s i te .  These in s t rumen t s  monitor the 
p e r t i n e n t  me teo ro log ica l  parameters f o r  c h a r a c t e r i z i n g  and r eco rd ing  
the  s t e a d y - s t a t e  and t r a n s i e n t  n a t u r e  of the atmosphere. I n  a d d i t i o n ,  
t h e s e  measured d a t a  are requ i r ed  f o r  c a l c u l a t i n g  the  o p t i c a l  and turbu- 
l e n t  p r o p e r t i e s  of the atmosphere and f o r  c o r r e l a t i n g  the o p t i c a l  
e f f e c t s  w i th  p r e v a i l i n g  meteorological  and environmental  cond i t ions .  
Typ ica l  values  of atmospheric s t r u c t u r e  c o n s t a n t s  a t  t he  e l e v a t i o n s  
of t h e  o p t i c a l  path and p o i n t s  i n d i c a t e  t h a t  C should be f a i r l y  con- 
s t a n t  a long the pa th ,  e s p e c i a l l y  s i n c e  the o p t i c a l  path i s  w e l l  above 
the t e r r a i n  i n  between the t e rmina l  p o i n t s .  
n 
F igu re  19 i s  a photograph of  the meteorological  s enso r  mast a t  t he  
t r a n s m i t t e r - r e c e i v e r  l o c a t i o n .  A similar  s t a t i o n  e x i s t s  a t  the remote 
s i t e .  Both s t a t i o n s  a r e  posi t ioned a t  l o c a t i o n s  which most c r i t i c a l l y  
c h a r a c t e r i z e  atmospheric propagation e f f e c t s :  a t  the t r a n s m i t t e r ,  the  
secondary t r a n s m i t t e r - r e p e a t e r  ( i . e . ,  the co rne r  r e f l e c t o r ) ,  and the  
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r e c e i v e r .  
above t h e  t e r r a i n  where the  a i r  i s  r e l a t i v e l y  w e l l  mixed and s t a b l e .  
Four temperature senso r s ,  l o c a t e d  a t  h e i g h t s  of 2 . 5 ,  3 ,  4 ,  and 5 
meters on the l e f t  s i d e  of t h e  mast, provide measurements o f  average 
temperature and temperature f l u c t u a t i o n  i n t e n s i t y  and power spectrum. 
Two hot-wire anemometers, p o s i t i o n e d  a t  3 and 5 meters  on the  r i g h t  
s i d e  of the mast, respond t o  wind v e l o c i t y  f l u c t u a t i o n s  up t o  1 kHz. 
Two electro-humidi ty  s e n s o r s  are p o s i t i o n e d  a t  2.5 and 4 meters  and 
monitor r e l a t i v e  humidity.  
t i o n  vane a r e  l o c a t e d  on top of t he  mast, and ano the r  i s . l o c a t e d  a t o p  
t h e  t h r e e - s t o r y  b u i l d i n g ,  above t h e  t r a n s m i t t e r - r e c e i v e r  l o c a t i o n .  
The o p t i c a l  p a t h  he igh t  between t h e s e  l o c a t i o n s  i s  w e l l  
One mechanical anemometer and a wind d i r e c -  
Figure 25 i s  a photograph of the temperature s e n s o r ,  s h i e l d ,  and 
b r idge .  The semiconductor s enso r s  and b r idges  have matched c a l i b r a t e d  
s e n s i t i v i t i e s  of 6.6 mV/ F,  and they respond t o  s t e p  temperature 
changes i n  2 mil l i s econds .  The sensar cave r s  s e r v e  both a s  r a d i a t i o n  
and wind s h i e l d s .  The schematic of the b r i d g e  i s  shown i n  Fig.  26. 
0 
Figure 27 i s  a photograph of one hot-wire anemometer system (West 
Coast Research Corporat ion Model 910). The meter r ead ing  (no t  l i n e a r ,  
as shown) g ives  t h e  average wind v e l o c i t y ;  the system s e n s i t i v i t y  
c a l i b r a t i o n  i s  about 10 d i v i s i o n s  p e r  f t / s e c  up t o  wind speeds of 4 
f t / s e c  and 0.62 d i v i s i o n s  p e r  f t / s e c  t o  20 f t l s e c .  An ou tpu t  jack a t  
t h e  r e a r  of the instrument  provides an  a c  s i g n a l  p r o p o r t i o n a l  t o  wind 
v e l o c i t y  f l u c t u a t i o n  i n t e n s i t i e s  up t o  1 kHz. Figure  28 i s  t h e  s y s t e m  
schematic. The remote meteorological  s t a t i o n  employs two a i r  meters  
(Hastings-Raydist  Model RB-l), which have loga r i thmic  meter response 
t o  30 mph, as shown i n  F ig .  29. 
I 
1 
I 
1 
1 
1 
I 
3 
The e l ec t ro -humid i ty  senso r s  and b r i d g e  a re  shown i n  F ig .  30, and the 
schematic i n  Fig.  31. This system has maximum s e n s i t i v i t y  a t  high 
r e l a t i v e  h u m i d i t i e s ,  where humidity might be s i g n i f i c a n t  i n  the 
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1 0 . 6 ~  r a d i a t i o n ;  t y p i c a l  s e n s i t i v i t y  
i n  r e l a t i v e  humidity.  These senso r s  
i s  100 mV pe r  
have a response 
t i m e  of  about 30 seconds f o r  a 63% change i n  r e l a t i v e  humidi ty .  
Addi t iona l  ins t ruments  i nc lude  a wet-bulb hygrometer and a n  a n e r o i d  
barometer.  These ins t ruments  a r e  housed i n  an ins t rument  h u t  nea r  
t h e  base of  t he  sensor  mast, t oge the r  w i t h  the senso r  b r idges  and 
meters and a g raph ic  r e c o r d e r ,  as shown i n  F ig .  20. Not shown i n  
t h i s  photograph i s  a l i g h t  meter f o r  monitor ing s o l a r  i r r a d i a n c e  a t  
t h e  e a r t h ' s  su r f ace .  
Implementation of  t h e  d a t a  and s i g n a l s  from these  me teo ro log ica l  
instruments  has  been d i scussed  i n  S e c t i o n  2 and previous  r e p o r t s .  An 
important  f e a t u r e  o f  t h e  exper imenta l  appa ra tus  i s  t h e  i n c l u s i o n  of 
mult ichannel  g raph ic  and magnetic r eco rd ing  in s t rumen ta t ion .  O p t i c a l  
and meteoro logica l  sensor  s i g n a l s  can be recorded  s imul taneous ly  and 
subsequent ly  analyzed and compared. 
3 . 4  DATA RECORDING INSTRUMENTATION 
Multichannel sensor  s i g n a l s  are g r a p h i c a l l y  d i sp l ayed  on two dua l -  
beam osc i l l o scopes  (8 channel  t o t a l )  and on a n  o s c i l l o g r a p h i c  r eco rde r  
( 6  channel) .  These permanent g raph ic  and photographic  r eco rds  g r e a t l y  
f a c i l i t a t e  d a t a  r educ t ion  and v i s u a l  c o r r e l a t i o n .  I n  a d d i t i o n ,  t h e  
sensor  s i g n a l s  a re  s imul taneous ly  recorded  on a n  FM magnetic tape 
r eco rde r  (14 channel ) ,  which provides  g r e a t  f l e x i b i l i t y  dur ing  the  
d a t a  a n a l y s i s  f o r  ob ta in ing  s i g n a l  power s p e c t r a  and au to-  and c ross -  
c o r r e l a t i o n  func t ions .  
record ing  s i g n i f i c a n t l y  reduces the  l abor  and t i m e  involved  dur ing  
d a t a  reduct ion;  g r a p h i c a l  r eco rds  can be scanned f o r  p a r t i c u l a r  even t s  
and then  magnetic r eco rds  processed and analyzed.  
The combination of  bo th  g raph ica l  and magnet ic  
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3.5 EXPERIMENT DISCUSSION 
- i ne  major por t io i i  of t h i s  p r o g r ~ ~  has been tn develop experimental  
f a c i l i t i e s ,  equipment, and techniques w i t h  which t o  i n v e s t i g a t e  l a s e r  
propagat ion over long pa ths  i n  the lower atmosphere and t o  c o r r e l a t e  
the o p t i c a l  e f f e c t s  w i t h  meteorological  cond i t ions .  
c a n t  experiments have been suggested ( i n  Table 111); however, t he  
experiments were l i m i t e d  t o  two measurements, based upon prac t ica l  
c o n s i d e r a t i o n s .  
Seve ra l  s i g n i f i -  
Experiments began du r ing  the fou r th  q u a r t e r  of t h i s  s tudy.  During 
t h i s  t i m e  only prel iminary and l i m i t e d  d a t a  were o b t a i n a b l e ,  owing t o  
d e t e c t o r  problems and,  l a t e r ,  to  unfavorable  weather and "haze" con- 
d i t i o n s .  
s e c t i o n .  Plans are t o  continue t h e  experiments and r e p o r t  t he  d a t a  
and conclusions i n  subsequent r e p o r t s  and papers.  
These p re l imina ry  r e s u l t s  are d i scussed  b r i e f l y  i n  t h e  next  
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EXPERIMENTAL RESULTS 
Re l a  t i v e  Wind Veloci ty  
Pressure Humidity Max Min Avg 
( i n . )  (2) (mph) (mph) (mph) 
- - - 29.24 54 
29.24 54 6.5 1.5 5 .5  
29.23 53 5.5 3.0 3.5 
Some t y p i c a l  experimental  d a t a  a r e  p re sen ted  i n  t h i s  s e c t i o n .  The 
data a r e  so l i m i t e d  and i n s u f f i c i e n t  t h a t  e x t e n s i v e  d a t a  a n a l y s i s  and 
d i s c u s s i o n  a r e  n o t  warranted a t  t h i s  time. 
F igu re  32 shows o s c i l l o g r a p h i c  r eco rd ings  of t he  i n t e n s i t y  f l u c t u a -  
t i o n s  of  t he  C02 laser beam a f t e r  t r a v e r s i n g  a 6-mile fo lded  o p t i c a l  
pa th .  I n  t h i s  c a s e ,  a slow speed chopper w a s  placed i n  f r o n t  of a 
s i n g l e  corner  cube; the chopping speed was 6 rpm w i t h  a n  obse rva t ion  
window of  2 seconds. The second chopper w a s  used i n i t i a l l y  t o  provide 
d i s c r i m i n a t i o n  between the r e t r o r e f l e c t e d  s i g n a l  and background o r  
b a c k s c a t t e r e d  r a d i a t i o n .  The times o f  o b s e r v a t i o n  f o r  t hese  s i g n a l s  
ranged from 1 1 : O l  AM t o  3:40 PM. The me teo ro log ica l  cond i t ions  are 
summarized i n  Table V. 
TABLE V 
METEOROLOGICAL DATA SUMMARY 
Time 
11:45 AM 
2 : O O  PM 
3:45 PM 
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Figure 32. Effects of Atmosphere on C02 Laser Intensity 
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The percent  modulat ion,  given by 
- v  
avg 
x 100 min 
v max 
2v m =  
f o r  t h e  d a t a  shown i n  F ig .  32 i s  summarized i n  Table  V I .  
TABLE V I  
CO, LASER BEAM MODULATION SUMMARY 
L 
T irne 
1 1 : O l  
11:02 
11:05 
11 : 10 
11:25 
12 : 00 
12:02 
12: 04 
12 : 05 
1:48 
3:20 
3:40 
m a  x v 
~~ 
1.43 
1.35 
2.5 
0.95 
1 .6  
1 . 7  
1 . 7  
1 . 7  
1.1 
2 . 2  
1 . 6  
1 . 2  
v min 
0.57 
0.40 
1.4 
0.2 
0 .7  
0 . 8  
0.6 
0.5 
0.3 
0 .8  
0 .7  
0.2 
0 .9  
0.9 
1 .8  
0 .8  
1 . 2  
1.1 
1 . 2  
1 .0  
0 . 6  
1 .4  
1.1 
0 .8  
~~ 
m 
@> 
48 
42 
30 
47 
38 
4 1  
46 
60 
66 
50 
42 
44* 
Jc 6 inch  te lescope  
The osc i l l og raph ic  t r a c e s  i n  F ig .  33 show t y p i c a l  i n t e n s i t y  f l u c t u a -  
t i o n s  of the He-Ne l a s e r  beam due t o  the  random atmosphere. The t o p  
t r a c e  i s  the s i g n a l  p lus  noise .  The lower t r a c e  of F ig .  33a shows t h e  
no i se  a lone.  The lower t r a c e  of F ig .  33b shows the v a r i a t i o n  i n  the  
temperature during the observa t ion  t ime. 
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SECTION 5 
CONCLUSIONS AND RECOMMENDATIONS 
The present theories of optical frequency interaction with the atmos- 
phere have been reviewed and summarized. 
as  the references and as Appendix A is nearly exhaustive on this sub- 
ject. A number of significant experiments have been identified and 
are summarized in table form (Table 111). Instrumentation has been 
procured and assembled to perform selected experiments and to corre- 
late optical propagation parameters with meteorological parameters. 
This instrumentation included facilities at both a master station at 
the EOS Pasadena plant and a remote station located 5 km away in the 
nearby San Gabriel Mountains. Corner cube retroreflectors along with 
modest meteorological instrumentation constituted the remote station. 
Laser transmitters, at 10.6~ and 0.6328p, and receivers along with 
more elaborate meteorological instruments constituted the master 
stat ion. 
The bibliography included 
Experimental results were not achieved until late in the fourth quarter 
and are not sufficient for drawing general conclusions. Received sig- 
nals at both wavelengths clearly demonstrate atmospheric turbulence 
induced amplitude fluctuations and indicate that with a modest improve- 
ment in the signal-to-noise ratio, significant data can be extracted 
relating to interaction with the atmosphere. 
Continued effort in this field should employ an improved signal-to- 
noise ratio and should concentrate on temporal and spatial coherence 
degradation. Improvements in the signal-to-noise ratio can be achieved 
by tighter beam pattern control on the transmitted beam. 
include modifications to achieve a more fundamental laser mode pattern 
This may 
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and may also include some form of collimating optics. 
also be improved by relocating the remote station to a closer location. 
Since turbulence theory indicates significant interaction over a path 
length of a few hundred meters, this latter approach to better S/N is 
the most easily achieved and is to be recommended. 
The S/N can 
A continuation of the effort initiated by this program is essential 
to an understanding of laser radiation through the atmosphere. Partic- 
ular emphasis must be given to coherence degradation since the informa- 
tion carried by an optical beam is directly dependent upon its coher- 
ence properties. In addition, the effects and limits of turbulence 
induced fluctuations are almost completely unknown, whereas effects 
and limitations imposed by hazes and particulate matter differ little 
from similar effects for noncoherent radiation and are fairly well 
established. 
ent optical propagation degradation parameters are essential to plan- 
ning for optical communication through the atmosphere. Such areas as 
site location, information capacity, and possible adaptive techniques 
to counter turbulence effects are highly dependent upon the continua- 
tion of such studies as reported herein. 
Typical means and standard deviations of various coher- 
Except for the obvious impracticality of point-by-point meteorological 
instrumentation along the transmission path, the meteorological instru- 
mentation assembled during this program is complete with the exception 
of two parameters. No instrumentation has been procured for the meas- 
urement of microtemperature fluctuations nor for the measurement of 
the volumetric rate of dissipation of turbulence energy. The signifi- 
cance of these two parameters is such that their measurement must be 
included in future programs. 
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Rexrinted from APPLIED OPTICS Vol. 6 page 1209, July 1967 
th6 ”p!!ca! Society nf America and ieprintkd by permission of the copyright Owner 
The Backscattering and Extinction of Visibte and 
Infrared Radiation by Seiectea Major wuu I V I ~ ~ ~ ~ ~  .. - = - - -  ni - . .A  nA,.A le 
L. W. Carrier, G. A. Cato, and K. J. von Essen 
Vi~liinie Im-kscutteriiig friiic*tioiis mid  opt.ic:al cstiiivt ion w)ellicieiits nre computed for eight suggested 
iii:ijor c4oiid mociels iisiiig the 1Iie theory f o r  optic:rl w:tvctleiigt,hs of 0.488 p ,  0.694 p ,  1.06 p ,  4.0 p, and 10.6 
p .  liesiilts show that there is iio dear advaiit.:ige of one wavelength over another for improving cloud 
tr:rnsmistkiii; however, Ixic.ksc*atteriiig is sigiiifiwti t ly  reduced at the longer wavelengths. Variations in 
the optical properties o f  rloiids nre NISO disc:iis.-xxl :itid c.:ilciil:itioiis summarized to indicate the effects of 
cloud thickness, iiihoniogeneity, and geogr:tlihic.:il Iocnl i o t i  0 1 1  the backscatter function and extinction 
coefficient. 
1. Introduction 
The optical radiation sctattcring properties I J f  tlie 
atmosphere are subjects of significant importii1ic.e to  
the meteorologist, the optic:il systems tlesigiiw, t l i o  
laser atmospheric probe experimcritcr, i ~ n d  :ire I J f  
increasing importarice to the laser safety monitor :id 
others. Optical radiation is rr+lectted, rofriwtid, :id 
diffracted by air molcculcs, riatural awosols, :itit1 
particulate matter in the atmosphere. A s  :I coiiw- 
quence, signal radiant eirergy diminishes, ;itid 1):ic-k- 
scattered noise radiant encrgy iricwiiscks at  uti 01)fii’:il 
receiver; in the last (xsi:, whcii thr cq)tic*:il rcwivc.r is 
the humari eye there may he :i p i t c . i i t i ; t l  hum:iii 1i:iziird. 
There are increasirig numbcrs of :irt ivc opticd 1:isc.r :inti 
norilaser systems in operation i n  the :ttmosI)Iiiw: t IN: 
successful performan(-e of ni:iiiy of  t hew syst (wis rv- 
quires operation under any atniosphcriv c v i i i t i i t  ion, 
including operat ion i i i  I’lIJUdS. To d f o v t .  :i ribli:it)h! 
system design, ac*c*urute knowkdge ( J f  t tw s w l  t wilig 
properties of clouds is ncccssary. 
There are at present i i i i  itisuffic.iciit i i i i i i i l ) c ~ r  of :wt ic*li,s 
on the transmission aiid t):ic.kswt tvriiig prolwrt ivs I i f  
clouds for those portions o f  ttic opt,ic*:il s i )wt  riliii of  
c:urrent interest, ix . ,  at visitile, ticir-ir, : t r d  t I I C  4-p 
: i d  10-p atmospheric wiiidoivs aiid for :i \\id(* riitigc o f  
cloud types atid cloud cordit ioiis. f ~ i i i r I i i i ~ t i i l j i : i t i i  1 :is 
cletcrnmined the t,hrorctic*:il s;c*:itteriiig i)riqwrt icbs o f  
cumulus ctlouds arid hazes for tticw livy port iotis ( ~ f  the 
oi)t irnl  spwtrum, and Bauer* has calculated the scat- 
tkring propert ies of five different cloud particle size 
distrihut ions for X5-p to 6-p radiation. Others have 
usc~l v:irious :ipproxim:~tion methods to determine cloud 
opticd propcrties. The purpose of this paper is to 
c~steiitl previous works by presenting the theoretical 
scxt tc*riiig parameters for eight cloud models and for 
0.4sS-p, O.(iD4-p, 1 .OO-p, 4.O-p, and 10.6-c( radiation. 
Thrse wivelengths have been selected because they 
c:orrespontl to the moiiochromatic wavelengths of 
opc~:ttioii:illy sigiiificarit l:wrs, excluding 4.0 p. 
The :ii)pro;ich will be to present representative cloud 
tlrop sizc distrihut ions and concentrations for major 
t.11 iutl t ypw. :wumiiilr; spherical water droplets only, and 
to (xivul:it(* the opticd extinction coefficients ‘and 
vi~liinie t):ii.krc.attc~riii~ functions for each cloud model 
ii?ririg tlie cxac+t JIie theory. The exact theory is used 
1)cc:irisc. t tic) :ic+cwrac*y and wavelength sensitivity of 
t h c b  :ii)i)r(J~iiii:itioIi methods :ire insufficient for reliable 
di4wniiri:it ion of the scattering properties of the drop 
4 x i -  i ir i t l  opt i c d  wavelengths considered. Of course, 
t I I V  :ic*c.rir:ic.y of the exwt c:ilculntion depends upon the 
iiwimvy o f  t l w  ( * I ( J u ~  model and the effects of multiple 
wiitt (bring. Ttic etrcvts of viiriations in cloud models 
o i l  t I i r  opt iwl propcrt ies will :tlso be coilsidered briefly. 
II. Representative Physical Properties of 
Major Cloud Types 
‘l’Ii(1 o p t i d  properties o f  clouds depend largely on 
t hr tiuniher nrid size distribution, or drop size spectrum, 
o f  wiitcr drops that make up the cloud, and these drop 
?rpwt r:i i w i  v:iry significantly in nature. The problem 
o f  cst:ihlishing :i truly represciltativc (*loud model is not 
nti cusy tiisk. ‘I’lie cloud iiiodels for the eight major 
rioutl types t l i i i t  iiro reported it1 1 his paper werc con- 
a t rur td  aftcr :11i extetihiv(* .ziirv(*y o f  tho lilcraturc :LS 
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sentative of a stratus deck over land. Considerable , 
variation exists among stratus clouds at  different locs- 
tions, and the stratus I and I1 models represent es- 
tremes. The distribution for the cumulus congestus, 
:i very commoii stormy weather cloud, was taken 
from a series of 150 samples of cumulus clouds which 
were reported by Durbina.'J; in severe st,orms, clouds 
h:ive hccn found with a total concentration of  only 12 
drops,/cm3, hut with an average radius as large as 25 p.  
The. c~umuloiiimbus, which is associated with thunder- 
storins, hiis :I double mode at, 4 p arid G p with a signif- 
ic*:iiit number of  large drops of radii up to 30 p ;  some 
rwe:irvhers (such as Weickniann and aufm Kampe') 
r q ) o r t ,  :t significant number of drops in cumulonimbus 
with r:idii HS 1:irge as 100 p, but these larger droplets 
\vi iuld he eiicwuiitered less frequently than the model 
with r:itlii up to  :30 
The :ill oc-umulus (*loud is another meteorologically 
import ant cloud, but no complete drop spectrum was 
f o u l i d  i i i  the literature. reported that with 
a :(-(mi r&r the smallcst sized drop that, he detected in 
:dtoi*iiniuliis was o i l  the order of 6 p to 8 p and was 
iiitlclwiidcrit of the (.owrritration of drops within the 
(*lorid. This is :i rat Iicr large drop size arid is cornpara- 
Iih~ t ii t lie mode r:idius for convective clouds like cumu- 
lus rorigclstiis : l i d  c~umuloriimhus. Gates and Shawl' 
p t ~ f c  )rmctl c+:ilciil:ttioris using some distributions re- 
port (VI  l y  \VcicIim:iiiii : i n d  :wfm Kan1pc' for nimbo- 
st rat tis : i i i d  Iy  I h r h i i i g  for fnir-\vc:ithcr cumulus. They 
s d w t  cvl t licsr two distributions to bracket the alto- 
c i i t n i i l i i s  r l o d s  t h:\t they h:id cnc-ouiitered most fre- 
(liiviitly. l 'vidiiig the sclec.tion of d:it:i specifically for 
: i l t o c * i i i i i i i l u s  i*louds, it is rcw)mmcnded that the droplet 
spc~*t tx : i i d  optiwl proptbrtics of nimbostr:itus and 
f:iir-\w:it her ~ ~ i i n i i i l i i s  be used for sltnc*umulus. The 
; i ~ t  i i :d  v;iliivs for :ilt oc.rimulus :ire espwt ed to lie some- 
wIivr(~  lwt \ v w n  t l i r scb  limits. 
S:it iir:il vlou(ls : irr  irihomogeticous : i d  the drop 
s1ivI.t r;i w i i  l w  c q ) c v t  (VI  t o  v:iryJ dcpciidiiig upon the 
Table 1. Model Cloud Drop Size and Concentration 
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cloud thickness, altitude above the cloud base, and 
vertical development. Furthermore, the drop spec- 
trum of a giVeii type of c!OUd varies with geographical 
location. As a result, optical properties of the clouds 
can be expected to vary commensurate with these 
variations. These variations and the optical models 
are di~~ccssed briefly in the next section. 
111. Theoretical Optical Scattering 
Properties of Clouds 
Optical properties of the model clouds can be deter- 
mined from the Mie theory of scattering, which accounts 
for diffraction, refraction, reflection, and absorption 
processes that take place a t  each scattering center. 
The Mie theory is an exact theory for a plane, per- 
fectly coherent, monochromatic wave which impinges 
upon a homogeneous and isotropic spherical particle of 
any known size and index of refraction. Refer to van 
de HulstI2 for details of the theory as only the pertinent 
expressions are given here. 
It is assumed that the scattering particles are in 
suffciently dilute suspension 90 that dependent- aiid 
multiple-scattering effects can be neglected, and that 
linear superposition of the scattered waves is appropri- 
ate. The effects of air molecules, aerosols, haze, and 
water vapor on optical waves are also ignored ; to deter- 
mine the optical properties of these atmospheric coli- 
Rtituents, the reader is referred to Eltern-~an,~~ lkt111,~~ 
~ u l l r i c h , ~ ~  Deirmendjian,' arid Stewart and Hopficld, l6 
respectively. In  most cases, the scattering components 
associated with these atmospheric const>it iictits :irt: 
significantly less than those for clouds. 
Two optical properties of clouds that, are of iritorcst. t o  
the optical systems aiiiilyst tire the extinctioii i:ocffii:ic:iit 
due to  scattering, deiwted as b, and the voluinc hick-  
scattering function, denoted as b( r). Opt>ic::d swt tcr- 
ing extinction, b, has its usual signifieanw i i i  govcwiirig 
the exponential rate of decrcase in light intensity, tliic: to 
scattering, per path length, 1, Le., 
I = Io  exp(-Id). ( 1 )  
The magnitude of b depends upon thc w:ivctlciigt 1 1  of tlic 
light and the size, number, airtl c.omplex i d e s  of wfr:rc*- 
tion of t,he siispmdod p:vtic:lcs. 'L'lic nxigiiit,iitlo of b 
is clet,ctrinint?tl from tho p:irt,ic*lc: sizc (1istrit)iit iciiie f ro in  
F i K .  I : t i i d  the JIie tlioory iisiiig the rch t  i o i i  
rmlu 
where n(r) is the number of partic-lcs per uiiit volume 
per 6r radius interval, 2 is partivle sizc 1):irutnctcr 
2rr/A, m is complex index of refraction, Kext  is totd 
extinction cross section = (4/z2)lte{ S(0) 1, atid Re 
(S(0)) is the real part of the >lie amplitude function 
evaluated at e = 0". Equation (2) must be uscd with 
caution for the case of large partic*lcs since it is tacitly 
assumed that all scattered light, including that dif- 
fracted at small forward angles, is removed from the 
beam when it is observed or detected. In order for 
this to be so, the distance to the detector must be large 
and the angle subtended by the detector mu&: be suf- 
ficiently small. Suitable conditions are discussed by 
Green and Lane," for cxample. 
The second important opticai property assminted 
with the scattering by cloud droplets is the magnitude 
of the optical radiation that is reflected back in the 
direction of the source (i.e., scattering angle B = T) .  
i n  terms of tilt: Xie parmxters, the hmkscattered 
radiance produced by a monochromatic, polarized 
beam of light incident upon a distribution of scatterers 
is given by 
x a  In.. 
~ ( r )  = - H V  n(r)arit(r,z,m) (W - sr-1), (3) 
where is the wavelength of light, H is the incident- 
beam irradiance, V is the scattering volume under 
observation, and il(r,z,m) is the Mie intensity function 
of  a scattercd component whose electric vector is 
perpelidicul:v to the plane of observation. Another 
way of writing Ey. (3) is 
4r' rnn,. 
J ( r )  = B ( r ) H V ,  (4 
where p ( r )  is the angular volume scattering function for 
0 = r, i.c., \)ttckscattering function in m-Isr1. Com- 
bining ICqs. (:<) arid (4) and rearranging terms, we have 
1:ciii:it i o i i  (.i) expresses the magnitude of the back- 
w i t  tcwl  r:idi:itice pcr unit incident irradiance per unit 
w i t  Lwiiig voliimc arid is n complicated function of the 
size p:ir:inwt vr, iritlex of  rcfrtictioti, atid scattering angle. 
A simihr expr(wioii (mi be written by substituting i2 
for il, whew i, is tlie JIie intensity function of a scab 
tercd c*ompoiieiit whose electric vector is parallel to  
ttie plaric o f  ohservntion. 
Sumerous t:ibles of 1Iie scattering functions exist; 
however, they were found inadequate for the large 
raiige of drop sizcs found in  clouds and for the refractive 
iridiccs of  interest. Calculation of the Mie intensity 
fiiiwtioiis, il :ind if, :itid the total scattering cross sec- 
t iotis. KeX, ,  v: i i i  he :iecomplished through an iterative 
c-valii:it i o i i  o f  t l iv (-omples 11ie series. For numerical 
(wilu:itioti, tlie iiiinibcr of iterative terms must be large 
oiiougli for the desired convergeiice of the infinite series 
i i i  order to  achieve reasonable computational accuracy. 
For large v:ilucs of 2, the number of iterations becomes 
cxceetlingly large, iiecessitating the use of high-speed 
tligit:il computers. 
1Iie sc:itteririg fiiiictions aiid extinction cross sections 
were cvmputcd with the CDC 3100 computer in 
POltTltAS language using Deirmendjian's computa- 
tional scheme and recursion criterion.ls Values of 
il, iz, and K,,, were obtained for a real index of refrac- 
tion of m = 1.33, and for various drop size parameters 
up to 2 = 250; these calculations were compared with 
other tables of Il ie f u r i c t i o n ~ ~ ~ - ~ ~  wherever comparable, 
and were found to agree to at least three significant 
figures for 1' to 250. Therefore, it is assumed that 
When 8 = r, then il = i2. 
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Table II.  Summary of the Backscattering Functions and Extinction Coefficients of the Major Cloud Types 
Scattering Function B(s) (m-Isr--l) 
Cloud type 
Nimbostratus 
Altostratus 
Stratus I1 
Cumulus congestus 
Stratus I 
Cumulonimbus 
Stratocumulus 
Fair Wx cumulus 
Wavelength 
. __~._____ 
0.488 p 0.694 p 1.06p 4 . 0  p 10.6 p 
7.16 X 6.03 X 10-3 6.45 X 3.96 X 1.54 x 10-4 
6.77 X 4.52 x 1 0 - 3  4 .09 x 1 0 - 3  3.20 x 10-3 1.2.5 x 10-4 
6.04 x 10-3 4.76 x 10-3 4 . 6 2  X 10V3 2.87 x 10-3 1.31 x 10-4 
3.97 x 10-3 3.01 x 1 0 - 8  3 .66 X IW3 2.43 x 10-3 7.88 x 10-5 
3 . 1 3  x 1 0 - 3  2,s); x 1 0 - 3  3.08 x 1 0 - 3  1.47 x 10-3 7.42 X 
2.40 X IO-' 2.21 x 1 0 - 3  2 .10 x 1 0 - 3  9 . 1 3  x 10-4 1.16 X 
2.44 X 1.91  x 1 0 - 3  2.0s x 1 0 - 3  g.{)i  x 10-4 5.95 x 10-5 
1.18 x 1 0 - 3  S.68 X 1 . 0 0  x 10-3 4 . 1 7  x 10-4 2.31 x 10-5 
Nimbostratus 
Altostratus 
Stratus I1 
Cumrrlris congestus 
Stratus I 
Curnulonimbus 
Stratocumulus 
Fair Wx crimrilrrs 
1.47 x 10-1 
1.30 x IO-' 
1.14 X IO-' 
s.10 x 1 0 - 2  
{) .01 x 10-2 
4 . 8 2  x 1 0 - 2  
5 . ! )6  x 1 0 - 2  
2 . i 6  X 
1.36 X lo-' 
8 .39 x 10-2 
1.04 x 10-1 
6.76 X 
4.28  x 
5.09 x 10-2 
2.48 x 
1 . 1 7  X 
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grc1:itc.r rctlucbtiori with respect to 0.488-p radiation. 
Siriw o1)t i c d  hckscxttcr is angle dependent, it is also 
of i i i t c w s t  to riotc Iioiv p ( ~ )  vnries for angles other than 
ISO". 'l'li(w t1:it:i :ire :tppliciible to  t,he situation in 
w l i i d i  t 1 i ~  uiipo1:wized illtiminntor and the receiver of 
:r i i  : i r t  ivc o I ) t  i d  system :ire 1oc:ited some distance apart 
:iricl :irv not c~o1iric~:ir. For other angles, il is not equal 
to  i2 :iricl t h c  r:itio of the polarized components &/@z 
tlift'cw from ririity. (':il~~ulatioris of optical backscatter, 
@(e) = Pro?) + &(e), and the ratio PI/& were made 
rising t l i c b  st ratoc~umulus and strnt,us I1 cloud types, for 
~~x:rtripl(~, for  iricidcrit light of \v:ivelength 1.06 p. These 
cl:it:i :irv sliowri i t i  I:ig. 2; i t  is noted that, the effect of 
)):rc.ksc.:it t c'r ( w i  1x1 rcdriccd by i i  factor of about three 
ty 1hvirig :I rwcivw :it :I 25' viewing angle relative to 
t t r:insiiiit t ocl l ) ( w i ~  Tho plot of indicates the 
( I i l l ' c w i i w  i i i  l w k w i t  t w  that would be otmrved if 
uii~)ohrimd light were tr:uisniitted and crossed polar- 
i z w  -:iir:tlyzc~ 1xrit.s \ v ( w  iiscyl to monit.or the back- 
swt t c w c l  c ~ ~ m l ) i i i i c ~ i i t s .  l'or thcsc clouds :~nd wave- 
I~i~gt i is ,  ciiily :I iii:isiniiin~ value of  3.4 could be expected 
:it :I r ~ h t  ivv viewing :ingle of  30", consequently, cross- 
po1:irie:it ion t ccotriiiclucs for discrim'inating against 
I d w : r t  tcr :ire m:irgin:il :It 1.06 p. Some improve- 
merit c w i l t l  bc cspcrt,cd for the case of 10.6 p, which 
c4Tcc:t ively vh:irigw thc: sc:it terirrg from geometrical to 
I<:iylvigh s w t  t eriiig. 
T h c !  (.loud models dcpic:totl i n  1;ig. 1 represent typical 
c~oritlitions. It, is now irrstructivc to see the effects of 
v:tri:it ions i n  physic+:tl propcrt ies on the cIoud optical 
propcrtics. III  :tctu:tl practice t,he droplet spectra of 
clouds vary with thickness, altit,ude above the base, and 
geographical locathi ; specific examples have been 
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Fig. 2. Angular dependence of the backscatter functions amoci- 
at& with the stratocumulus (St Cu) arid the strstiis I1 (St 11) 
cloud models ( h  = 1.M p) .  
selected which reveal wide variations in droplet spectra. 
The following discussion of these variations and their 
related optical effects is based on a wavelength of 
1.06p. 
Cumulus clouds are part icularly inhomogeneous. 
Some possible variations in optical properties at the 
points within a.cumulus cloud are indicated in Table 
111, M a consequence of varying concentrations and 
numbers of large particles. The middle droplet spcc- 
trum has a great many small drops, but it is narrow, 
resulting in a larger value of @ and a smaller value of 
1) than the other parts of the cloud. At t,he point of 
maximum concentration, the backscatter is not partic- 
ularly large, but the extinction coefficient is compara- 
tively larger than the second position presumably due 
tn a combination of a large total concentration and a 
large maximum radius. As indicated by these data, 
inhomogeneity can result in variations in optical 
backscatter and extinction by a factor of about, six, or 
possibly even higher. 
The effects of the broadening of iiie speztriim a:::! the 
reduction in the total drop concentration that occurs in 
thicker clouds are shown in Table IV. The thicker the 
cloud deck, the greater is the backscattering function. 
Increased (*loud thickness also causes some increase in 
the extinction coefficient. The thicker stratus cloud of 
Table IV coiitains larger drops than the other two, and 
the calculated effects of neglecting drops over 25-j~ 
radius and uiidcr 10-p radius are also shown in the table. 
These results clearly show the greater optical effects of 
large particles compared with the - smaller particles. 
Neglecting particles with radii greater than 25 p ,  i.e., 
a 10% reduction in  total concentration, results in a 
decrease in @ ( T )  by a factor of about two. On the 
other haiid, neglecting particles below 10 p (over 70% 
of particle conc*entrittion) does not affect the optical 
parameters hy more than 10%. 
The altitude of the scattering volume above the cloud 
base also affects the cloud optical properties, and two 
differing cxamples arc cited. I n  the first case of the 
Hawaiian trade-wind cumulus, as shown in Table V, 
the backscxttcr function is greatest at the lowest alti- 
tude (where the totd coriceritrntion is greatest and there 
Table 111. Effect of Inhomogeneity" (A = 1.06 p )  
Table IV. Effect of Cloud Thickness (A = 1.06 p )  
ClOIld t y p  
and thickness a(r) b .\' rt,,,-Ie. r,,, i II r,,,:,- Ar 
(m ) (ni -Isr - I )  f n - ' )  f ( . l l I K 3 )  ( P  ) (P  ) (P  ) (Ir 1 
Stratus" 
1. 213-305 1 ,!)S x  IO-^ 4.22  x lo -*  1 :::1 4 .; 0 27.5 4 . 4  
2. 610 2.43 x 1 0 - 3  4 .!#3 x 1 0 - 2  ti:{ 4,s 1 .L' 42.2 4 . 6  
:i. 1!)75-2130 :3.:34 x 1 1 ) - 3  6.04 x IO-* 4 0  5 . 0  0 00.8 8 . 0  
... 0 25.0 - 
:3 ,01  x  lo-^ 5.3s x 1 0 - 2  12 _. 1 0  00,s - 
CiimriIiisb 
1. 230-765 2.80 x 10- 6.00 x 10-2 % I  I 4 . 0  0 19.8 4 . 0  
2. 1175-2130 6.23 x lo-' 1.27 X lo-' 206 4 . 0  0 30.2 7 . 2  
Note 1 I .35 x 1 0 - 3  2 .Xl  x 1 0 - 2  :{I; 
Note 2 
" Stratus cloud physical properties after Si11gleton arid Smith." Note 1: Striitiis sire distribii6ion (1!)75-2130 m) e~~to f f  at  25 p. 
Note 2: Stratus sire distribution (197.5-2130 m) cutofi at low end. 
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Ciimiilus cloud physical properties after Khrgran.** 
Table V. Eftect uf Altitude Above Cloud Base" (A = 1.06 I I ~  
Trade-Wind Cumuliis off the East Coast of Hawaii (Base = 670 m Top = BO0 m )  ____- __ ~- _- - 
Sample height 8(r) b N finode I'o, L" rmnl AT 
(m 1 (rn-Isr-') (m-1) (cm-3) G ) (a ) (a 1 (a ) 
1. 990 1.94 X 1W2 3.77 x 10-1 74 10 0 25 8 . 5  
2. 1300 1.48 x 10-2 ?..!I2 x 10-1 5 I 1 5 0 23.2  8 . 5  
3. 1600 1.43 X 2.!)9 x lo-' 27 17.5 0 32.2  12.5 
1.37 X 10-2 2.77 x 10-1 30 10.0 0 34.8 16.0 4. 1900 
______ ~~ ~ - 
Continental Ciimiilus over the 13liie Moiint.aiiis Northwest of Sydney, Aiistralia (Base = 2200 m Top = 3660 m )  
~~~ -. ~- 
Sample height 8(.) b N T,""<l* Tmin  Tmax Ar 
(m -Isr - I )  (in-l) (cam -:$) ($1 (a ) (P 1 (a 1 
2. 2775 6.84 x lo-:! 1 .4s  x IO-' 270 7 . 0  0 11.5 3 . 5  
8. 3000 8.68 x 1 0 - 3  I .04 x 1 0 - 1  250 7 ..5 0 11.5 2 .0  
4 .  3450 1.34 x 1 0 - 2  2 .47 x 1 0 - 1  35( 1 7 . 5  0 13.0 2 .0  
~ ~ ~ .. ~ ~~ _ ~ _ _ _  ~ ~ ~ .. ~ ~. (m)  
1. 2.500 7.15 X 1.7s X IO-' 490 5 . 5  0 12.2 3 . 0  
" Cloiitl physicd properties after S(1iiires.21 
Table VI. Geographical Location" (A = 1.06 p) 
Cloud type arid S ( r )  b 'V rl,,<,<i,. i-8" i n  r.lllx Ar 
location (IYl-Isr-1) (111 - 1 )  ((*in - 3 )  (a ) G 1 (a 1 (a ) 
vli:ir:ict cxrist ivs v:iry from oiic cloiitl type t,o :inother. 
;\I1 id  I Iw 01)t i c x l  1)ropwtic.s (1ispl:iy :I stroiig dcpc~t i t l (~t ic~  
O I I  g(v)gr:il)li.v. I tic. :itigiil:ir volumr scxtteririg fiitic*tioti 
p ( ~ )  is gtwtcr by :il)oiit 75% for the inl:Lnd c+louds, :itid 
I tic! (*SI iiivt i o t i  cwcaffic.icwt, b, is :Lboiit, 60% larger. 
I I I  siimm:iry, t lie v:iri:ibility of  cloud optical prop- 
( ~ t  ios is shown i i i  I:ig. :<, h s e d  on the data from Tables 
IIL\TI. Tlic: top t u x )  ('iirvcs show the range of calcu- 
Lit o t l  v:iliic~ of opt ic.:il cxtinc-t,ioti from the fair-weather 
c:umiiliis vIoii(1 niot ld ,  :it the low values, to the nimbo- 
str:itiis v l o i d  ino(I(4,  at, the upper values. A similar 
])air o f  curves is showii for t.he hckscattering function. 
The vcariic.:il Iw-s at = 1.06 summarize :i possible 
ratigc of v:iri:it ions of B mid b for cwmulus type clouds. 
r .  
IV. Some Concluding Remarks 
1tepresent:it.i~~ (*loud models h:ive been proposed for 
thc c4ght c:ommotily cwount,crcd water clouds, and their 
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WAVELENGTH, A, microns 
Fig. 3. p : i i d  /) : IN-  
plotted for fair-weather ciimriliis itird riiri1Iwstr:it 11s. . I ,  /{, C, I) 
refer to variatioiis in optical properticBs o f  c.iimciliis d o i i i l s  c l l i c :  to 
iiihornogerieily, thickriess, :tltitiidc, : i i i i I  gm~gr:ipliiwl 11w:it i o i l ,  
respectively. 
\*ariability of cloud optical p r o p i 4 t . s .  
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